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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
The synthesis and development of new polymeric materials continues to be an 
industrially and scientifically important process. Intelligent design and the understanding of 
structure property relationships allow polymer chemists to tailor materials for specific 
applications. The process of designing a new polymeric material requires knowledge of many 
areas of chemistry and engineering. Two important methods for the development of new 
polymeric materials are the synthesis of copolymers and the synthesis of novel polymers. 
One of the simplest methods for the design of a new material is the combination of 
two polymers to yield a new material that has the desirable properties of both constituent 
materials. The blending of two known materials, though simple and inexpensive is hampered 
by polymer miscibility. Insignificant enthalpies of mixing and negative entropies of mixing 
often lead to phase separation resulting in complete physical separation of the two polymers. 
1 The combination of desired properties can also be achieved by the synthesis of copolymers. 
These materials can be synthesized in many different architectures including random, 
tapered, alternating, block, and graft (Figure 1.1). Phase separation is not an issue with first 
three types due to a distribution of the two monomers throughout the polymer backbone. 
Phase separation does occur in block and graft copolymers, but is often desirable, and will be 
discussed later in the text. Random, tapered, and alternating copolymers are synthesized by 
the addition of predetermined ratios of monomers to a polymerization mixture. The 
architecture obtained depends on the relative reactivities of the two monomers and the 
polymerization conditions. The two most common routes to block copolymers are sequential 
2 
polymerization and the coupling of two chain end functionalized polymers. Graft copolymers 
are block copolymers with branch points where blocks of one polymer are attached to a 
backbone a second polymer, and are synthesized in a manner similar to that of block 
copolymers. 
—A—B—A—A—B—A—B—B—B—A—A--A—B—B— a 
—A—A—A—A—B—A—A—B—A—B—B—B—B—B— b 
—A-B-A-B-A-B-A-B-A-B-A-B-A-B— c 
—A—A—A—A—A—A—A—B—B—B—B—B—B—B— d 
B—B~B 
— A — A — A — A — A — A —  e  
B-B-B-B— 
Figure 1.1. Example copolymer architectures, a) random, b) tapered, c) alternating, d) block, 
and e) graft. 
A third method for the tailoring of material properties is the design and synthesis of 
novel polymers. Through the use of structure property relationships and excellent 
understanding of organic chemistry, properties of the final material may be targeted by the 
incorporation of specific functionalities into new monomers. A good example of this concept 
is found in the comparison of linear polyethylene (HDPE) with poly(tetrafluoroethylene) 
(Teflon) (Figure 1.2).2 Both materials are polymerized from simple alkenes and are tough, 
semicrystalline polymers. However, due the fluorine functionalities in Teflon, it has a very 
low dielectric constant, surface energy, and coefficient of friction. It also has good thermal 
3 
stability and is the primary component in the nonstick coatings in cookware. The purely 
hydrocarbon HDPE has much poorer thermal stability and is used in the manufacture of 
bottles and other impact resistant materials. Another example of the use of structure property 
relationships can be found in the design of poly(carbonyldioxy-1,4-phenyleneisopropylidene-
1,4-phenylene) (Lexan) (Figure 1.3). This material is designed to be a high strength 
alternative to glass, and is best known for its use as bullet resistant glass. It exhibits a high 
modulus and excellent toughness due to the rigid phenylene functionalities. The tetrahedral 
carbon of the isopropylidene linkage breaks the conjugation, making the material colorless, 
and it also prevents the polymer chains from packing to form crystalline regions, giving the 
material good optical clarity.3 
p p H H 
a b 
Figure 1.2. The structures of a) poly(tetrafluoroethylene) and b) polyethylene 
Figure 1.3. The structure of poly(carbonyldioxy-1,4-phenyleneisopropylidene-1,4-
phenylene) 
Block Copolymer Approach to Designing Materials. 
As with most polymer pairs, the blocks in block copolymers are also immiscible and 
subsequently exhibit phase separation. Unlike blends, phase separation of block copolymers 
can lead to useful properties. This is due to the covalent bond that connects the two domains 
and limits phase separation to the size scale of the polymer chain. Copolymers consisting of 
blocks of narrow molecular weight distribution often exhibit phase separation to form highly 
ordered spheroidal, cylindrical, lamellae, or bicontinuous morphologies, depending upon the 
volume ratio of the blocks.4 Materials such as these have potential applications for micro-
patterning and self-assembly processes. The block copolymer architecture also makes 
possible the synthesis of thermoplastic elastomers. These elastic materials differ from 
conventional rubber materials in that phase separation of a high glass transition block and 
low glass transition block result in a physically crosslinked rubber.5 Conventional rubbers, 
such as natural rubber, are chemically crosslinked. The reversible, physical crosslink 
increases the ability of these materials to be processed. 
Block Copolymer Synthesis. Traditionally, in the synthesis of block copolymers, 
anionic polymerization is the method of choice due to the high degree of control of molecular 
weight and chain end functionality. As a result of the lack of termination mechanisms, block 
copolymers may be synthesized by the addition of a second monomer to the reaction, once 
the first monomer is consumed. This is termed a living polymerization. Alternatively, 
instead of the direct synthesis of a block copolymer, the polymer chain end can be capped 
with a reactive functionality. For example, the addition of carbon dioxide to an anionic 
polymerization of styrene will yield polystyrene with carboxy functionalized chain ends. 
Block copolymers can then be synthesized by the reaction of two chain end functionalized 
polymers. However, due to the stringent requirement for high purity and the need for highly 
nucleophilic carbanions for initiation, this technique is suitable for only a limited number of 
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In order to address the limitations of monomer compatibility, while maintaining the 
high degree of control of the living polymerization, controlled free radical methods of chain-
growth polymerization have been developed. These include atom transfer radical 
polymerization (ATRP),6 nitroxide-mediated polymerization (NMP),7 and radical addition 
radical effect (PRE), an equilibrium established between a persistent radical, such as a 
copper(I) salt in ATRP, and a carbon centered radical (Scheme 1.1). The carbon centered 
radical initiates and propagates the polymerization, which is mediated by a reversible 
termination reaction that reforms the persistent radical. The equilibrium between the two 
radical species must favor the side containing the persistent radical, and the reaction to 
reform the persistent radical (k_,) must be approximately ten times faster than the reaction of 
the carbon centered radical with monomer (k?). This reversible termination results in 
behavior that resembles a living polymerization. Controlled free radical methods can be 
employed to synthesize block copolymers by methods similar to those used in anionic 
polymerization. Utilizing ATRP, block copolymers poly(»-butylacrylate)-6-
poly(hydroxyethylmethacrylate) (Figure 1.4), a material not accessible with anionic 
polymerization can be synthesized.9 
fragmentation termination polymerization (RAFT).8 These methods rely on the persistent 
k 1 
Cu(l)X + RX - Cu(ll)X; "e 
k - i  
k » k 2 
Scheme 1.1. Atom transfer radical polymerization mechanism. 
6 
OH 
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m 
Figure 1.4. Structure of poly(rc-butylacrylate)-è-poly(hydroxyethylmethacrylate). 
Step-growth materials such as Nylons and polyethersulfones can also be incorporated 
into block copolymers. The chain end functionality of many step-growth materials can easily 
be controlled by utilizing stoichiometric imbalances of monomers in the reaction feed or by 
addition of endcapping agents (molecules monofunctional to the polymerization). Phenol 
terminated bisphenol A polysulfone can be easily synthesized by the addition of an excess of 
bisphenol A to the polymerization (Scheme 1.2).10 The functionalized polymer chain ends 
can then be utilized to initiate a second polymerization or reacted with a second chain end 
functionalized polymer to yield a block copolymer. Initiation of a second polymerization 
from these materials can be difficult. Due to incompatibilities arising from reactive 
functionalities, such as ketones and amides, the use of anionic polymerization methods is 
limited. The alkoxide initiated polymerization of ethylene oxide is generally compatible, but 
results in materials with limited utility. The development of controlled free radical 
techniques makes possible the polymerization of many alkene monomers from the chain ends 
of step growth materials. As an example, bisphenol A polysulfone can be functionalized to 
initiate the ATRP of methylmethacrylate to yield a triblock copolymer (Scheme 1.3).10 
7 
OH + Cl 
1.001 eq. to 1.1 eq. 1 eq. 
K2C03, DMAC, toluene 
1) 120 °C 4h, 
2)160 °C 8h 
Schemel.2. Synthesis of phenol terminated bisphenol A polysulfone. x = 0.001 to 0.1 eq. 
H0{PES}0H 
O 
BR 
-Br EkN 
O O 
^^"ofPES^O" Br 
CuBr, PMDETA 
MMA, xylenes, 90 °C 
O O 
MeO'X) O^OMe 
Scheme 1.3 Synthesis of poly(methylmethacrylate)-6-poly(ethersulfone)-6-
po 1 y(methy lmethacrylate). PES = pol y(ethersulfone). 
Coil-Rod-Coil Triblock Copolymers. Due to a unique combination of properties, 
coil-rod-coil triblock copolymers are an interesting new class of polymers. The terms coil 
and rod refer to the relative conformations of the respective polymer backbones. Due to 
8 
flexible linkages and the lack of large steric interferences, coil materials adopt random 
nonlinear conformations. Rod materials adopt rigid extended conformations that arise from 
inflexible linkages, high degrees of conjugation, or large steric interference. Examples of 
coil-rod-coil materials that have been synthesized include poly(ethylene oxidt)-b-
poly(phenylene-vinylene)-/?- poly(ethylene oxide)" and polyisoprene-6-
poly(phenyleneethylene)-6-polyisoprene (Figure 1.5).12 The conjugation along the backbone 
of the poly(phenylene-vinylene) and the poly(phenyleneethylene) block force them to adopt 
rod like conformations. 
The combination of rod-like blocks with coil blocks has led to many interesting 
properties. Block copolymers of the rod-coil type with narrow polydispersities have exhibited 
the formation of highly ordered structures leading to their use in the assembly of highly 
fluorescent nanospheres.13 Also, the triblock materials have narrowed emission spectra 
compared to the rod-like homopolymer.14 Compared to coil-coil systems, the combination of 
the rod and coil structures has led to greater immiscibility of the blocks. Thus phase 
separation occurs at low volume fractions and low molecular weights, and gave rise to the 
formation structures as small as 10 nm. In addition the rigid rod backbone was shown shown 
to possess excellent mechanical properties, and the incorporation of rod-like materials into 
block copolymers resulted in vastly improved mechanical properties over the coil 
homopolymer.16 
9 
0 
n 
b 
Figure 1.5. Structures of poly(ethyleneoxide)-/> poly(phenylenevinylene)-/> 
poly(ethyleneoxide) and polyisoprene-/?-poly(phenyleneethylene)-/?-polyisoprene 
The current synthetic methods for the synthesis of chain end functionalized rod 
materials involve long, laborious, stepwise methods. Alternative synthetic methodologies are 
needed to fully utilize the potential of this class of materials. Chapters 2 and 4 of this 
dissertation deal with the development of a method for the facile synthesis of varying 
molecular weight chain end functionalized rod blocks and their subsequent incorporation into 
coil-rod-coil triblock copolymers. 
Novel Structure Approach to Designing Materials 
The efforts to develop light weight, inexspensive alternatives for traditional metal 
parts has led to the synthesis of many high strength polymeric materials including 
polyetherketone, Kevlar, and poly(phenylene sulfide) (Figure 1.6). The key structural unit 
most responsible for these materials excellent thermal and mechanical properties is the 
phenylene functionality. Much synthetis effort is devoted to the synthesis of wholly aromatic 
poly(p-phenylene) as well as other all arylene derivatives such as polythiophene and 
polypyrole (Figure 1.7). 
Figure 1.6. Structures of a) polyetherketone, b) Kevlar, and c) poly(phenylene sulfide). 
a b c 
10 
H 
Figure 1.7. Structures of a) poly(/>phenylene), b) polythiophene, c) polypyrole. 
In addition to structure-property relationships, the available polymerization chemistry 
must be considered when designing a new polymer. The synthesis of high molecular weight 
poly(/>phenylene) and polythiophene exhibit the interplay between these two considerations. 
The homopolymers of both materials have very poor solubility and at low molecular weights 
they precipitate from the reaction mixture. Derivatization with pendant functionalities can 
increase the solubility, but also changes the polymerization chemistry and the properties of 
the final material. The improvement of synthetic methods and the design of new monomers 
to exploit the potential of these backbones is central in the development of novel polymers 
based on these backbones. 
Poly(p-phenylene)s. Due to the rigid, conjugated backbone, poly(/?-phenylene) 
(PPP) has excellent thermal properties, outstanding mechanical properties, and with addition 
of dopants, conductivity.17 The polymer also has poor solubility in organic solvents arising 
from the same rigid backbone. Many synthetic methods have been developed in attempts to 
overcome the solubility limitation. PPP has been synthesized by the oxidative 
polymerization of benzene catalyzed by aluminum chloride and copper chloride, but only 
degrees of polymerization (DP) up to 15 were obtained (Scheme 1.4).18 In another synthesis, 
4,4'"-dichloroquaterphenyls were coupled in the presence of Ni(0) to give materials of only 
molecular weights of 900 g/mol (Scheme 1.5).19 The aromatization of poly(l,3-
cyclohexadienes) was also utilized to synthesize PPP (Scheme 1.6).20 Molecular weights 
11 
higher than previous materials were obtained, but the free radical polymerization to yield the 
poly( 1,3-cyelohexadienes) resulted in much 1,2 coupling, giving a structure of cyclohexene-
interrupted PPP oligomers. 
AIC
'
3 > 
CuClg \\=//n 
Scheme 1.4. Synthesis of PPP by oxidative polymerization. 
Ni(0) 
• CI 
DMF 
Scheme 1.5. Synthesis of PPP by Ni(0) polymerization. 
oxidation CH3COCI 
|m
'
Cr0b
'
a
" HO OH HaCCO OCCH, 
o o 
free radical 
polymerization 
H3CCO OCCH3 H3CCO OCCH3 
00 6 6 
Scheme 1.6. PPP synthesis of PPP via aromatization of a poly(cyclohexadiene) precursor. 
Successful synthesis of PPP derivatives with solubilizing pendant groups was 
reported, with two of the most successful being the Suzuki method21 and the Colon method 
(Scheme 1.7).22 Utilizing the Suzuki method, high molecular weight PPP derivatives (DP = 
12 
100) were synthesized. However, due to the aliphatic solublizing pendant, they exhibited 
diminished thermal and mechanical properties. High molecular weight PPP derivatives were 
synthesized by the Ni(0)-catalyzed coupling reaction developed by Colon.22 Polymerization 
of 2,5-dichlorobenzophenone resulted polymers of up to 25 x 103 g/mol. Like alkyl 
pendants, the benzoyl functionality increased the solubility of the rigid PPP backbone, but 
did not diminish the thermal and mechanical properties. Poly(2,5-benzophenone) was shown 
to possess 5% weight loss temperatures in air and nitrogen of near 500 °C and a tensile 
modulus two to four times greater than other engineering thermoplastics including poly(ether 
imide).23 Also chain end functionalized polybenzophenones were synthesized through the use 
of endcapping agents.24 The endcapping agents were chosen to be monofunctional with 
respect to Ni(0) coupling, and to also contain a reactive site, not active under the 
polymerization conditions. 
Pd(PPh3)4 
B(OH)2 
CgHg, 2M NctgGQg 
a 
Ph Ph 
PPh3, bipy, 
DMAc, 80 °C 
b 
Scheme 1.7. Synthesis of PPP via a) the Suzuki method and b) the Colon method. 
Polythiophene. The rigid, conjugated backbone of polythiophene has led to potential 
use of this material in field-effect transistors, optical and electrical sensors, and light-emitting 
13 
diodes.25 Polythiophene was first synthesized by electrochemical polymerization and was 
shown to be an oxidatively unstable material with poor solubility. However polymerization 
of various alkyl and alkoxy substituted derivatives improved the solubility and stability of the 
material.26 Like PPP derivatives, the most powerful methods for the synthesis of 
polythiophene derivatives were shown to be metal mediated polymerizations. Highly 
conductive, regioregular polythiophene was synthesized by Grignard metathesis 
polymerization (Scheme 1.8).27 However, due to the long alkyl chain pendant, these 
materials showed poor thermal properties. As with PPP derivatives, highly aromatic 
substituents were shown to improve the thermal properties of the polythiophene backbone. 
The Ni(0) polymerization of 2,5-dichloro-3-phenyl thiophene28 and 3-benzoyl-2,5-
dichlorothiophene29 led to polymers that exhibited glass transition temperatures in the range 
of 160 to 170 °C and with 10% weight loss temperatures in the range of 500 to 575 °C 
(Figure 1.8). 
reflux, 2h 
Scheme 1.8. Synthesis of high molecular weight alkyl substituted polythiophene by nickel-
catalyzed Grignard metathesis. 
CioHog 1) CHgMgBr, THF 
reflux, 1 h 
2) Ni(dppp)CI2 
14 
Cl S S Cl b 
O 
Figure 1.8. Structures of a) 2,5-dichloro-3-phenyl thiophene and b) 3-benzoyl-2,5-
dichlorothiophene. 
Challenges in the Synthesis of Poly(p-phenylene)s and Polythiophenes. Despite 
the synthetic versatility available with Ni(0) polymerizations in the synthesis of poly(/?-
phenylenes) and polythiophenes, many limitations remained to be addressed. In the synthesis 
of polybenzophenones, a side reaction was observed that resulted in the reduction of up to 
15% of the carbonyl functionality along the backbone.30 In addition these polymers 
exhibited poor film-forming properties. Many of the potential applications for these 
materials required good film-forming ability. A second set of limitations was encountered in 
the polymerization of polythiophenes. Side reactions were observed that resulted in low 
yields and a mixture of oligomeric and polymeric material.28'29 Monomer reactivity was also 
observed to be an issue. The presence of electron withdrawing groups in the monomer, such 
as the benzoyl functionality, were shown to increase the rate of the Ni(0) coupling reaction.31 
However, when the carbonyl was replaced with a sulfonyl group, the increased reactivity was 
not observed.32 Chapters 3 and 4 of this dissertation are papers that have addressed the 
l i m i t a t i o n s  o f  N i ( 0 ) - c a t a l y z e d  c o u p l i n g  i n  t h e  s y n t h e s i s  o f  p o l y ( t h i o p h e n e ) s  a n d  p o l y ( p -
phenylene)s. 
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Dissertation Organization 
This dissertation is organized into five chapters. The first chapter is a general 
introduction to methods for the design and synthesis of new materials. Two methods for the 
design and synthesis of new materials, block copolymer synthesis and the synthesis of novel 
polymers, are presented. On overview of relevant synthetic methods and materials is 
included. Chapters two through four are papers submitted to peer reviewed journals. 
Chapter two addresses the development of a methodology for the synthesis of coil-rod-coil 
block copolymers. Chapter three describes advances in the synthesis of polyphenylenes and 
polythiophenes as well as the design of new materials. Chapter four returns to the 
development of methodologies for the synthesis of coil-rod-coil triblock copolymers and 
applies the advances described in chapter three. The final chapter gives general conclusions 
and future outlook in these areas of research. Supplemental data for chapters two through 
four is presented in the appendices. 
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CHAPTER 2. DEVELOPMENT OF A VERSATILE METHODOLOGY FOR THE 
SYNTHESIS OF POLY(2,5-BENZOPHENONE) CONTAINING COIL-ROD-COIL 
TRIBLOCK COPOLYMERS 
A paper submitted to Macromolecules, Unpublished Work, Copyright 2003, American 
Chemical Society. 
Erik C. Hagberg, Ozan Ugurlu, Scott Chumbley, and Valerie V. Sheares 
Abstract 
A short, simple, versatile methodology was developed for the synthesis of poly(2,5-
benzophenone containing coil-rod-coil triblock copolymers. After a model study, poly(2,5-
benzophenone macroinitiators were synthesized via endcapping the Ni(0)-catalyzed 
polymerization of 2,5-dichlorobenzophenone followed by functionalization of the chain ends 
utilizing phase transfer chlorination. Varying molecular weights of polystyrene-6-poly(2,5-
benzophenone)-è-polystyrene were synthesized using the macroinitiators in the atom transfer 
radical polymerization of styrene. The materials were characterized by gel permeation 
chromatography, nuclear magnetic resonance, differential scanning calorimetry, and 
transmission electron microscopy. Applications were explored through dynamic mechanical 
analysis and the construction of a distributed junction photovoltaic device. 
19 
Introduction 
Rod-coil and coil-rod-coil block copolymers are a unique and interesting class of new 
materials. The combination of the flexible random coil segments with rigid rod blocks gives 
rise to many potential applications including opto-electronic devices, nano-patterning, and 
mechanical reinforcing agents. The utility of these materials arises from the block copolymer 
architecture. The inherent incompatibility resulting from entropie factors between the rigid 
rod-like block and the flexible random coil block leads to phase separation at much lower 
molecular weights than coil-coil systems.1 The flexible coil-like blocks also increase the 
solubility and processibility of the copolymer over that of the rod-like homopolymer. Rod-
coil block copolymers containing materials such as polyphenylenevinylene (PPV),2'3 
polyphenyleneethylene (PPE),4 and poly-p-phenylene (PPP) 5 have been synthesized. 
Ordered, phase separated structures with dimensions as small as lOnm have been 
constructed. The ability to pattern materials such as PPV, PPE, and PPP on nm scales leads 
to potential utility in the electronics industry. For example, coil-rod-coil block copolymers 
have exhibited narrowed emission spectra over that of the rod homopolymer due to isolated 
domains of the optically active material.6 Furthermore, the high modulus of the rigid 
backbones has been exploited through the use of these materials to construct 
nanocomposites.7 
Narrow overall polydispersity is generally considered a prerequisite for the formation 
of ordered structures from most block copolymers consisting of two coil blocks. However, 
the importance of polydispersity in systems containing a polydisperse rod block has never 
fully been explored. Due to the incompatibility of the rod block in the random coil phase, 
phase separation is expected, but the degree of control of the resulting morphology is not 
known.1 
The primary challenge in working with rod-coil block copolymers lies in the synthesis 
of rods with controlled polydispersity and controlled functionality at the chain end. The 
difficulties arise from the long stepwise syntheses necessary to build functionalized rods of 
useful molecular weight. Poly(ethylene oxide)-6-poly(phenylenevinylene)-/?-poly(ethylene 
oxide) is a good example. This material, containing monodisperse rod and coil blocks, 
exhibits interesting self-assembly in solution, but requires seven separate synthetic steps to 
produce triblock copolymers containing PPV eightmers. When not a requirement for the 
desired application, the removal of the narrow polydispersity constraint upon the rod block 
expands the possible synthetic pathways. By the addition of molecules monofunctional with 
respect to the polymerization conditions, chain end functionalized rod-like polymers can be 
synthesized in a single step. Polymerization methods such as this eliminate the necessity for 
long, laborious, step-wise synthetic methods. The resulting materials can be converted to the 
desired block copolymers by grafting or by using them as macroinitiators. The rod material of 
interest in our research is poly(2,5-benzophenone). The benefits of this polymer include 
good thermal properties, excellent mechanical properties, and conductivity when doped.8 In 
addition, many functional polymeric materials may be designed via functionalized 
monomers, functionalization of the polymer, or the addition of endcapping agents to the 
polymerization.9'10 As such, this would be a valuable material to incorporate into coil-rod-
coil copolymers if a simple synthetic strategy could be designed. 
Herein, we describe the details of a short, simple, versatile synthetic methodology to 
produce coil-rod-coil triblock copolymers. As an example material, we have synthesized 
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polystyrene-/?-poly(2,5-benzophenone)-l>-polystyrene containing a polydisperse rigid rod 
block and monodisperse coil blocks. Rigid poly(2,5-benzophenone) blocks of varying 
molecular weight were synthesized by endcapping the polymer formed by the Ni(0)-catalyzed 
polymerization of 2,5-dichlorobenzophenone with a monochloro endcapping agent. The 
endcapping agent was chosen after a model study to determine a simple and quantitative 
route to chlorinate the chain ends post polymerization. The rigid rod materials were used 
then as macroinitiators for the atom transfer radical polymerization (ATRP) of styrene to 
construct triblock copolymers. The phase separation behavior of the resulting triblock 
materials was examined by transmission electron microscopy (TEM). In addition, potential 
applications of these materials were explored. The mechanical properties were analyzed by 
dynamic mechanical analysis (DMA), and a distributed junction photovoltaic device was 
constructed after sulfonation of the polystyrene block. 
Experimental 
Materials. All materials were purchased from Aldrich and used without further 
purification unless otherwise noted. M/V-dimethylacetamide and anisole were dried over 
CaH2 (Fisher) and distilled under reduced pressure. Styrene was passed over basic alumina 
and distilled under reduced pressure. Triphenylphosphine was recrystallized from 
cyclohexane. 2,2'-bipyridine and 4,4'-di(5-nonyl)-2,2'-bipyridine (dNbipy) were 
recrystallized from ethanol. 
2,5-dichlorobenzophenone. The synthesis of 2,5-dichlorobenzophenone has been 
described previously.11 
4-chloro-4'-alkylbenzophenone. Aluminum chloride (1 eq.) was added to a stirring 
solution of 4-chlorobenzoyl chloride (1.1 eq.) and toluene (or cumene) (1 eq.) in 
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nitromethane at 0 °C. The solution was allowed to warm to room temperature and stir for 
24h. The solution was then precipitated on ice and allowed to stir overnight. The off-white 
powder was filtered, dissolved in ethanol, treated with activated carbon, and filtered. The 
resulting white crystals were recrystallized twice more from ethanol. 4-chloro-4'-
methylbenzophenone (96% yield). White crystalline solid, melting point 132 °C. H NMR: 5 
(ppm) = 2.45 (s, 3H), 7.29 (d, 2H, J= 8.4 Hz), 7.45 (d, 2H, J = 8.4 Hz), 7.69 (d, 2H, J = 8.4 
Hz), 7.74 (d, 2H, J= 8.4 Hz). I3C NMR: 3 (ppm) =21.9 (CH,), 128.8 (CH), 129.3 (CH), 
130.4 (CH), 131.6 (CH), 134.8 (q-C), 136.5 (q-C), 138.8 (q-C), 143.8 (q-C), 195.5 (CO). 
Anal.: Calcd for C14H11OCI: C, 72.89; H, 4.82. Found: C, 72.76; H, 4.94. 4-chloro-4'-
isopropylbenzophenone (74% yield). White crystalline solid, melting point 83 °C. 'H NMR: 
ô (ppm) = 1.29 (d, 6H, J = 6.9 Hz), 2.99 (septet, 1 H, J = 6.9 Hz), 7.34 (d, 2H, J = 8.4), 7.45 
(d, 2H, 7 = 8.1 Hz), 7.74 (overlapping doublets, 4H, 7 = 8.1, 8.4 Hz). 13C NMR: ô (ppm) = 
23.7 (CH,), 34.3 (CH), 126.5 (CH), 128.5 (CH), 130.3 (CH), 131.4 (CH), 134.9 (q-C), 136.2 
(q-C), 138.6 (q-C), 154.3 (q-C), 195.2 (CO). Anal.: Calcd for C16Hi5OCl: C, 74.26; H, 5.85. 
Found: C, 74.31; H, 5.82. 
4-chloro-4'-(chloromethyl)benzophenone and 4-chloro-4'-(chlorodimethyl-
methyl)benzophenone. 4-chloro-4'-methylbenzophenone ( 11 mmol) or 4-chloro-4'-
isopropylbenzophenone (10 mmol) was dissolved in 3 mL of methylene chloride. Bleach 
(Chlorox, pH adjusted to 8.5, 2 eq. in hypochlorite) and benzyltriethylammonium chloride (4 
eq.) were added, and the mixture stirred at 1000 rpm for 24h. Five mL of methylene chloride 
were added, and the aqueous layer was removed. The methylene chloride solution was 
washed twice with water. The methylene chloride was then removed yielding white crystals. 
4-chloro-4'-(chlorodimethylmethyl)benzophenone (100% yield). 'H NMR: 5 (ppm) = 2.08 (s, 
6H), 7.46 (d, 2H, J = 8.7 Hz), 7.70 (d, 2H, J = 8.7Hz), 7.76 (dd, 4H, J = 8.7, 8.7 Hz). I3C 
NMR: 5 (ppm) = 34.4 (CH3), 69.0 (q-C), 125.9 (CH), 128.8 (CH), 130.2 (CH), 131.7 (CH), 
135.9 (q-C), 136.5 (q-C), 139.2 (q-C), 151.0 (q-C), 195.1 (CO). Anal. Calcd for Cl6H,4OCI2: 
C, 65.54; H, 4.82. Found: C, 64.85; H, 5.08. 
4'-isopropylbenzophenone capped poly(2,5-benzophenone). Under an inert 
atmosphere, NiCl? (0.1 eq.), Zn (3.1 eq.), PPhs (0.4 eq.), and bipyridine (0.1 eq) were 
weighed and added to a flask equipped with an overhead stirrer. DMAc (10 eq.) was added 
and the mixture was stirred and heated at 80 °C until a deep red color was observed. Varying 
ratios of 2,5-dichlorobenzophenone and endcapping agent, 4-chloro-4'-
isopropylbenzophenone, were added (1 eq. total). Reactions were stirred and heated until no 
change in color or viscosity was observed. The polymer was precipitated into a 4:1 
methanokhydrochloric acid solution to remove excess zinc. The polymers were then washed 
with sodium bicarbonate solution and water and dried under vacuum. 'H NMR: ô (ppm) = 
1.25 (broad singlet, chain end CHg), 3.0 (broad singlet, chain end CH), 6.7 - 8.2 (broad 
multiplet, aryl backbone CHs). 13C NMR: ô (ppm) = 23.7 (CH3), 34.3 (CH), 126.3 (CH), 
126.8 (CH), 127.3 (CH), 128.1 (CH), 128.7 (CH), 130.0 (CH), 130.1 (CH), 130.3 (CH), 
132.1 (CH), 132.9 (CH), 135.3 (q-C), 136.8 (q-C), 137.1 (q-C), 138.6, (q-C), 139.1 (q-C), 
141.2 (q-C), 143.9 (q-C), 154.0 (q-C), 195.8 (CO), 198.2 (CO). Anal. Calcd for C^HnoOi]: 
C, 86.52; H, 4.94. Found C, 86.07; H, 5.32. 
Chain end chlorination of 4'-isopropylbenzophenone capped poly(2,5-
benzophenone). The procedure was followed as with the chlorination of 2,5-dichloro-4'-
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isopropylbenzophenone, except that after 24h the reaction mixture was precipitated into 
acidic methanol, filtered, and washed with water. The yellow powder was then reprecipitated 
from chloroform into acidic methanol. The resulting material was a pale yellow powder. 'H 
NMR: ô (ppm) = 2.05 (chain end CH3), 6.9 - 8.1 (broad multiplet, aryl backbone). nC NMR: 
5 (ppm) = 34.1 (CH,), 67.5 (q-C), 125.6 (CH), 126.9 (CH), 127.5 (CH), 128.1 (CH), 130.0 
(CH), 130.1 (CH), 130.3 (CH), 130.7 (CH), 131.1 (CH), 133.0 (q-C), 136.9 (q-C), 137.0 (q-
C), 138.1 (q-C), 138.8 (q-C), 139.6 (q-C), 141.2 (q-C), 143.5 (q-C), 150.4 (q-C), 196.7 (CO), 
198.6 (CO). Anal. Calcd for C^HiosOnCL: C, 81.00; H, 4.50. Found C, 81.86; H, 4.65. 
Polystyrene-6-poly(2,5-benzophenone)-Z>-polystyrene. Chain end chlorinated 4'-
isopropylbenzophenone capped poly(2,5-benzophenone) (1 eq. in chain ends), CuCl (1 eq.), 
and Cu (0.1 eq.) were added to a schlenk flask under inert atmosphere. The flask was sealed 
with a septum. Styrene was added via syringe along with anisole ( 1 mL solvent / 1 mL 
monomer) and pentamethyldiethyltriamine (PMDETA) (2 eq.). The reaction was heated and 
stirred at 110 °C for 24h. After the time period, THF was added and the polymer was 
precipitated into stirring acidic methanol, filtered, and reprecipatated from chloroform into 
acidic methanol. The resulting material was a pale yellow powder. *H NMR: 6 (ppm) = 1.48 
(polystyrene (PS) backbone CH?), 2.26 (PS backbone CH), 6.63 (broad, PS phenyl), 7.13 
(broad, PS phenyl), 7.43 (broad, polybenzophenone (PB)), 7.74 (broad, PB). I3C NMR: 8 
(ppm) = 42.02 (PS backbone), 44.37 (PS backbone), 125.65 (PS phenyl), 126.74 (PB), 
127.71 (PS phenyl), 128.00 (PS phenyl), 129.03 (PB), 129.85 (PB), 130.32 (PB), 130.71 
(PB), 132.84 (PB), 137.29 (PB), 139.25 (PB), 145.39 (PS phenyl), 145.71 (PB), 146.11 (PB), 
197.35 (PB). 
Sulfonated polystyrene-6-poly(2,5-benzophenone)-6-polystyrene. Fuming sulfuric 
acid (5 mL) was added drop-wise to stirring polystyrene-Z?-poly(2,5-benzophenone)-/;>-
polystyrene (0.5 g) dissolved in methylene chloride (5 mL). The reaction was allowed to stir 
for approximately five minutes until the lower methylene chloride layer was clear and 
colorless. The layers were separated and the aqueous layer was neutralized with 3M NaOH. 
The sodium salt of the sulfonated copolymer was precipitated from water into stirring 
methanol. 'H NMR: 8 (ppm) = 1.5 (broad multiplet), 6.7 (broad singlet), 7.6 (broad singlet). 
13C NMR: ô (ppm) = 20.1 (sulfonated PS backbone CH2), 23.4 (sulfonated PS backbone 
CH), 133.3 (sulfonated PS phenyl CH), 135.3 (sulfonated PS phenyl CH), 150.3 ( sulfonated 
PS phenyl q-C), 158.3. 
Characterization. Molecular weights, relative to narrow polystyrene standards, were 
measured using a Waters gel permeation chromatography (GPC) system consisting of a 
Waters 510 pump, a Waters 717 autosampler, a Wyatt Optilab DSP refractometer, and a 
Wyatt Dawn EOS light scattering detector. The measurements were taken at 40 °C with THF 
as the mobile phase on four columns (Polymer labs PLgel 100, 500, lxlO4, and 1x10 s A). 
Glass transitions were determined at the inflection point of the endotherm with a Perkin 
Elmer Pyris 1 differential scanning calorimetry system (DSC) with a heating rate of 10 
°C/min. Transmission electron microscopy (TEM) was performed on a 1200EX JEOL STEM 
with a 120 kV accelerating potential and a Philips CM30 STEM with a 100 kV accelerating 
potential. Dynamic mechanical analysis (DMA) measurements were conducted on a Perkin 
Elmer DMA 7e in a three point bending mode with a 100 mN static force and a 110 mN 
dynamic force. 
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Results and Discussion 
The goal of this work was to develop a simple, versatile methodology for the 
synthesis of poly(2,5-benzophenone) containing coil-rod-coil triblock copolymers. The 
utilization of endcapping agents yielded chain end functionalized rod materials in a single 
step, avoiding the necessity of time intensive multi-step methods. These rod-like materials 
can be used as macroinitiators or grafted with other chain-end functionalized polymers. 
Previously, our group explored the endcapping of poly(2,5-benzophenone)s by addition of 
molecules that are monofunctional with respect to the Ni(0)-coupling reaction.10 The 
monofunctional endcaps can be chosen so that they contain a functionality, not reactive in 
Ni(0)-coupling, but reactive under other conditions. In this work it was chosen to endcap the 
polymers with molecules containing functionalities that can act as initiating sites in atom 
transfer radical polymerization (ATRP). Functionalities that act as ATRP initiators are 
known to be reactive under a variety of Ni-catalyzed coupling conditions. Despite this likely 
incompatibility, it was desired to utilize the simplest possible synthetic route. Therefore, p-
chlorobenzylchloride was explored as a potential endcappping agent (Scheme 2.1). Addition 
of this compound yields poly(2,5-benzophenone)s with limited chain-end functionalization 
due to reduction of the benzyl halide in the Ni(0)-coupling reaction. These 
polybenzophenones will be referred to as Mlbenzyl (macroinitiator with benzylchloride 
endcaps). Endcapping agent mole fractions of 0.2, 0.1, and 0.05 were employed. The 
molecular weights obtained were 3.1 x 103 g/mol with a polydispersity index (PDI) of 1.9, 
3.5 x 103 g/mol with a PDI of 2.1, and 3.9 x 103 g/mol with a PDI of 2.4, respectively. 
While, the molecular weight differences are not large, numerous experiments at specific mole 
fractions of endcapping agent gave consistent results. 
Although macroinitiators with quantitatively chlorinated chain ends could not be 
synthesized in this manner, these materials were utilized to explore the reaction conditions 
and the feasibility of the method (Scheme 2.2). Due to the limited solubility of poly(2,5-
benzophenone) in common solvents, polymerizations were run in two suitable solvents, N,N-
dimethylacetamide (DMAc) and anisole. The results of these polymerizations are 
summarized in Table 2.1 Although the Mlbenzyl series lacked quantitatively functionalized 
chain ends, triblocks of varying molecular weights were synthesized. With DMAc as solvent, 
reaction times of 48h were necessary to achieve high yields. When anisole was used as a 
solvent, 96% yield was achieved in 14h. This behavior is most likely due to solvent induced 
changes in the catalyst structure.12 
The triblock materials from both solvents had bimodal distributions due to the 
macroinitiator lacking benzyl halide chain ends. The incorporation of the poly(2,5-
benzophenone) into the triblock copolymer was confirmed by extracting the samples with 
ethyl acetate. Poly(2,5-benzophenone) is not soluble in ethyl acetate, while the diblock and 
triblock copolymers are soluble. This mixture was added to ethyl acetate, centrifuged, and 
the clear solution removed. The soluble material was precipitated into methanol and isolated. 
'H NMR of this material confirmed the incorporation of the poly(2,5-benzophenone) into the 
triblock copolymer with broad signals at 7.35 and 7.7 ppm. Furthermore, GPC of the 
material recovered from solution was monomodal with a number average molecular weight 
of 100.1 x 103 g/mol and PDI of 1.4. The GPC trace of the polymer prior to fractionation was 
bimodal with an <Mn> of 115.7 x 103 g/mol and a PDI of 1.6. 
In order to synthesize macroinitiator with quantitatively functionalized chain ends, the 
reduction of the benzyl chloride in the Ni(0)-coupling reaction had to be overcome. To 
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accomplish this, an endcapping system with good compatibility to the Ni(0)-coupling 
reaction was designed. Aryl chloride containing species with a benzylic carbon, which could 
be chlorinated post polymerization, were investigated. The endcapping agents chosen were 4-
chloro-4'-alkylbenzophenones. These benzophenone derivatives are structurally similar to the 
monomer, giving them reactivities close to that of the monomer. Endcapping was attempted 
with p-chlorotoluene, but resulted in materials with broad multimodal molecular weight 
distributions. This result in the presence of p-chlorotoluene was most likely due to 
differences in reactivity, which will be discussed later. 
A simple, selective chlorination route is also necessary to functionalize the chain ends 
post polymerization. Phase-transfer chlorination is a simple high yield route to chlorination of 
benzylic carbons. It has previously been shown that bleach and benzyltriethylammonium 
chloride can effectively chlorinate benzylic carbons in both small molecules and 
macromolecules.13'14 When 4-chloro-4'-methylbenzophenone was reacted using the 
conditions described in the literature (2 eq. of bleach and 2 eq. of benzyltriethylammonium 
chloride), a yield of only 41% was obtained (Table 2.2). Increasing the amount of bleach and 
varying the time from 4 - 24h at room temperature only increased the yield to 47%. Higher 
temperatures were also ineffective, with 40 °C giving a yield of 39% in 24h. When the 
temperature was increased to 80 °C, a yield of only 5% was observed at 4h. However, when 
4 eq. of benzyltriethylammonium chloride were utilized with 2 eq. of bleach, the yield 
increased to 76%. Unfortunately, further increase in the amount of ammonium salt did not 
lead to increased yields with the methyl derivative. It is known that the phase transfer 
chlorination reaction exhibits a significant negative p+ value, and thus the presence of 
electron withdrawing groups, such as a carbonyl in the para position, slow the chlorination 
reaction.13 To increase the rate of chlorination, electron density must be added to the 
benzylic carbon. It was found that 4-chloro-4'-isopropylbenzophenone could be 
quantitatively chlorinated under the best reaction conditions for the methyl derivative 
(Scheme 2.3). The addition of the methyl substituents on the benzylic carbon increases the 
electron density at the reaction site enough to overcome the electron withdrawing effect of 
the carbonyl. The reaction can be easily followed by *H NMR before and after chlorination 
(Figure 2.1). Prior to chlorination, the methyls of the isopropyl group have a shift of 8 1.3 
ppm. After chlorination, the peak was shifted down field to 8 2.0 ppm due to the chlorine 
atom in the benzylic position. 
4-Chloro-4'-isopropylbenzophenone was utilized as an endcapping agent in the Ni(0)-
catalyzed polymerization of 2,5-dichlorobenzophenone (Scheme 2.4). These materials will 
be referred to as Mliso (macroinitiator with isopropylbenzophenone endcaps). Varying the 
feed ratio from 0.2 to 0.025 mole fraction endcapping agent yielded polymers with molecular 
weights ranging from 1.7xl03 to 3.3x103 g/mol (Table 2.3). Once again, although the 
variation in molecular weights is not large, repeated experiments consistently gave these 
molecular weights. The incorporation of the endcapping agent was observed by *H NMR 
(Figure 2.2). With increasing mole fraction of endcapping agent in the feed, an increase in 
the signal arising from the methyl of the isopropyl group (8 1.3 ppm) was observed. 
Attempts with lower amounts of endcapping agent in the feed led to broad multimodal 
molecular weight distributions and poor molecular weight control. The loss of control with 
endcap amounts less than 2.5% is presumably due to side reactions such as the reduction of 
aryl chlorides and reduction of ketones.9'15 It is also interesting to note the difference in 
molecular weights of the Mlbenzyl series compared to the Mliso series (Table 2.3). With the 
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same feed ratio of monomer and endcapping agent, the materials endcapped with 
chlorobenzyl chloride are higher molecular weight. At 0.2 mole fraction endcapping agent, a 
molecular weight of 3.1 x 103 g/mol was achieved in the Mlbenzyl series. At the same mole 
fraction of endcapping agent in the Mliso series, the resulting material had a molecular 
weight of 1.7 x 103 g/mol. Similar results were observed for the other endcapping agent feed 
ratios. Percec et al. have observed a diminished reactivity to Ni(0)-catalyzed coupling of 
monomers with electron donating substituent^ ortho to the leaving group.16 Monomers with 
electron withdrawing groups ortho to the reactive site show an increased reactivity. The same 
effect would be expected for substituents in the para position. Indeed, this is observed in the 
reactivities of the endcapping agents. Due to a diminished reactivity, chlorobenzyl chloride 
reacts with monomer at a slower rate than monomer reacts with itself, leading to higher 
molecular weights. The benzophenone endcapping agent is structurally similar to the 
monomer, and therefore reacts with monomer at or near the same rate that monomer reacts 
with monomer. The electron withdrawing capability of the endcapping agents also provides 
insight into the difficulty in the use of p-chlorotoluene as an endcapping agent in Ni(0)-
catalyzed coupling. Of the three endcapping agents considered here, p-chlorotoluene is the 
most deactivated to Ni(0)-coupling. The difference between the reactivities of the 
benzophenone monomer and the /?-chlorotoluene endcapping agent lead to poor control of the 
chain end functionality. 
Utilizing the conditions determined in the model chlorination study, it was possible to 
chlorinate the chain ends of poly(2,5-benzophenone) terminated with 4'-isopropyl-
benzophenone functionalities (Scheme 2.5). The chlorination reaction proceeded in 
quantitative yield and was followed by 'H NMR. As shown in Figure 2.3, prior to 
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chlorination, the methyls of the isopropyl are observed as a broad doublet at ô 1.3 ppm. After 
chlorination, the signal is shifted to 8 2.0 ppm due to the presence of the chlorine atom at the 
benzylic position. 
These macroinitiators were used in the ATRP of styrene (Scheme 2.6). It was found 
that under optimized conditions, clean and efficient initiation of styrene yielded triblock 
copolymers. DMAc again proved to be an ineffective solvent, while the reaction in anisole 
with PMDETA as the ligand gave good yields of the triblock copolymer. Variation of the 
monomer to initiator ratio was utilized to synthesize polystyrene blocks of varying molecular 
weight (Table 2.4). As the monomer to initiator ratio was increased from 39 to 157, 
polymers of increasing molecular weight were synthesized. For large monomer to initiator 
ratios (approximately >150), it was necessary to increase the reaction time in order to reach 
high conversions. It also was found that yields less than 75% were desirable due to increased 
viscosity at higher conversions that led to broad multimodal molecular weight distributions. 
Increasing the amount of solvent reduced the rate early in the reaction, preventing high yields 
from being obtained. 
Differential scanning calorimetry of these materials showed two glass transition 
temperatures for triblock copolymers with rod blocks greater then 1.7 x 103 g/mol (Table 
2.5). Furthermore, the transitions observed were characteristic of the transitions of the two 
homopolymers, indicating that there is little blending of the two phases. For copolymers with 
rod blocks of 1.7 x 103 g/mol, the only glass transition observed was for polystyrene. 
In order to elucidate the morphologies formed, TEM studies were undertaken. Thin 
films were cast from toluene upon a water surface and picked up onto carbon coated grids. 
The films were then annealed at 180 °C for 48h and stained with RuO^ vapor. In order to 
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identify the components upon staining, thin films of the two materials were immersed in a 
5% solution of Ru04. After immersion, the poly(2,5-benzophenone) film was stained to a 
greater extent than the polystyrene film. Polystyrene and polybenzophenone were also 
confirmed to be immiscible. The two materials were blended and analyzed by TEM. Before 
and after annealing at 180 °C for 48h, two phases were observed. 
Representative TEM micrographs are shown in Figures 2.4 through Figure 2.6 for 
triblocks containing varying lengths of rod block and coil block. Rod blocks of molecular 
weight 1.7 x 103 g/mol led to the formation of a random distribution of spheroids of 
relatively uniform size (~ 50 nm) at 7.3% by volume (Figure 2.4). As the rod block volume 
was increased to 11.7% and then 19.4%, larger more size disperse spheroids were formed. 
The series containing rod blocks of 2.4 x 103 g/mol exhibited a similar trend with the average 
size of the polybenzophenone domains increasing with increasing volume fraction. Analysis 
of the triblock materials containing 2.7 x 103 g/mol rod blocks showed polybenzophenone 
spheroids at 10% rod block, but upon increasing the volume fraction to 15.7%, a highly 
disordered morphology was formed (Figure 2.5). Unlike the previous examples, rod blocks 
of 3.3 x 103 g/mol led to the formation of more disordered phases at lower rod volume 
fractions with 9.2 % by volume forming size disperse spheroids (Figure 2.6). 
Although, not highly ordered, clear phase separation was observed in all examples. 
Overall, volume fractions of less than 10% led to the formation of polybenzophenone 
spheroids of relatively uniform size. Larger volume fractions formed spheroids, but the size 
of the phases varied greatly. Upon increasing the rod size and or the volume fraction, more 
disordered, but phase separated structures were observed (Figures 2.5b, 2.6b). As shown in 
the 1.7 x 103 g/mol series, the potential for formation of more ordered structures at higher rod 
volume fractions still exists (Figures 2.4b,c). Increasing the volume fraction from 11.7% rod 
to 19.4% rod led to a decrease in the variation of the spheroid size. 
The overall polydispersity of these materials varied from 1.2 to 1.9. This variation 
seemed to have little effect upon the resulting morphologies. In fact, the copolymer in Figure 
5b has an overall polydispersity of 1.3, while the material in Figure 2.4a has an overall 
polydispersity of 1.9. The material with the larger polydispersity exhibited a higher degree of 
order. The polydispersity of the rod block also seemed to have little effect upon the phase 
separation. The rod block polydispersity in Figure 2.4a was 1.7 and in Figure 2.6a was 2.1. 
Both materials exhibited similar morphologies of relatively uniform spheroids. 
%N values were determined from solubility parameters according to Sperling17, and 
the data was plotted to give a partial phase separation diagram (Figure 2.7). All block 
copolymers presented here exhibit phase separation and lay outside the spinodal known for 
coil-coil systems. This decreased miscibility correlates well with what is predicted by theory, 
with the rod block driving the system towards phase separation by limiting the number of 
chain conformations the coil block can adopt when the two are blended. It is also interesting 
to note that all materials presented here exhibit phase separation at relatively small rod 
volume fractions. This fact is contrary to what has been predicted by theoretical models, 
which have shown the spinodal of the rod-coil systems shifting towards higher rod volume 
fractions compared to coil-coil systems.1819 It is however, necessary to present a complete 
phase separation diagram before definitive conclusions can be drawn. 
Simple synthetic routes to a wide variety of these materials, creates the potential for 
their use in mechanical and electronic applications. As an example of this class of materials 
utility to enhance mechanical propeties, dynamic mechanical analysis was performed on the 
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triblock copolymers. When compared to similar molecular weight polystyrene, the triblock 
copolymer (<Mn> = 55.7 x 103 g/mol, PDI 1.9, 4.4% by volume rod block) exhibited a large 
increase in storage modulus (-50%) as well as a 15 °C increase in the tan delta maximum 
(Figure 2.8). Furthermore, the maximum value of the tan delta was decreased over that of 
neat polystyrene, indicating increased elastic properties. This level of improvement in the 
mechanical properties is not typically achieved in polymer composites at loading levels less 
than 10%, although nanocomposite materials have shown similar properties at low loading 
levels.20 While these polystyrene based materials are only examples and are unlikely to be 
used in such mechanical roles, triblocks of materials such as Nylon or polyesters have this 
potential. Utilizing the endcapping methodology presented here, the rod blocks could be 
functionalized to initiate the polymerization of monomers such as lactones or incorporated 
into the triblock copolymer via grafting with other chain end functionalized materials. 
The phase-separated morphology exhibited here has in addition to use in mechanical 
applications, the potential to be utilized in the electronics industry to exploit the conductive 
backbone of the polybenzophenone. One such application is construction of distributed 
junction photovoltaics. The key feature to these materials is a two-phase system with 
dimensions on the scale of tens to hundreds of nanometers. One phase should exhibit good 
electron mobility, and the other good hole mobility. Coil-rod-coil block copolymers systems 
are excellent candidates for such applications due to the conjugated rod block and the phase 
separation at the sub-micrometer length scale. As an example synthesis of these materials for 
such an application, polystyrene-/?-poly(2,5-benzophenone)-6-polystyrene was reacted with 
fuming sulfuric acid (Scheme 2.7). The resulting material was soluble in all polar organic 
solvents, such as THF, methanol, and water. Upon extraction of the polymer solution with 
NaOH, the resulting sodium salt was only soluble in water. The triblock copolymer 
functionalized with sodium sulfonate groups exhibited one Tgat 255 °C. No transition due to 
poly(2,5-benzophenone) was observed. Sulfonation of the poly(2,5-benzophenone) block is 
unlikely under the conditions used as no sulfonation of poly(2,5-benzophenone) 
homopolymer was observed under the same reaction conditions. 
TEM studies of the resulting sulfonated materials showed a two-phase morphology, 
different from that of the non-sulfonated triblock copolymer (Figure 2.9). While the 
polystyrene-/?-poly(2,5-benzophenone)-/>polystyrene copolymer exhibited a spheroidal 
morphology, the sulfonated derivative exhibited a much more disordered morphology. The 
dimensions of the two phases are near 200nm. 
The sulfonated block copolymer was dissolved in water and cast upon indium tin 
oxide (ITO) coated 2' x 2' glass plates. The films were slowly dried over a period of two 
days and then submerged in a bath of sodium dispersed in mineral oil for one hour. In an inert 
atmosphere, the glass plates were washed with dry hexanes, and then a second ITO coated 
glass slide was placed over the polymer film. When the device was exposed to full sunlight, 
a stable voltage of 250 mV with a current of 50 pA was observed. 
Conclusions 
A method for the synthesis of coil-rod-coil triblock copolymers was demonstrated by 
the synthesis of polystyrene-6-poly(2,5-benzophenone)-6-polystyrene. Poly(2,5-
benzophenone) macroinitiators were synthesized utilizing 4-chloro-4'-
isopropylbenzophenone as an endcapping agent followed by phase transfer chlorination to 
quantitatively chlorinate the chain ends. Differing molecular weights of triblock copolymer 
were synthesized in anisole with PMDETA as the ligand by varying the monomer to initiator 
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ratio. All triblock materials synthesized exhibited phase separation with rod volume fractions 
smaller than 10% producing a morphology consisting of relatively uniform sized poly(2,5-
benzophenone) spheroids. Furthermore, all materials phase separated at volume fractions 
much smaller than more traditional coil-coil systems. Potential applications of this class of 
materials were also demonstrated. DMA analysis showed the triblock copolymers exhibited 
improved mechanical performance over that of neat polystyrene. It was also shown, that 
through a simple modification, an architecture could be designed to exploit the conjugated 
rod block in photovoltaic applications. Photovoltaic devices built utilizing the sulfonated 
triblock copolymer exhibited a voltage of 250 mV and a current of 50 jjA in sunlight. 
Currently, efforts are underway to synthesize high molecular weight poly(2,5-benzophenone) 
macroinitiators. In addition, differing endcapping agents and methods of chain end 
functionalization are being explored. 
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Scheme 2.1. Synthesis of benzylchloride terminated poly(2,5-benzophenone). 
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Scheme 2.2. ATRP of styrene using poly(2,5-benzophenone) macroinitiator. 
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Scheme 2.3. Phase transfer chlorination of alkylbenzophenone model compounds. 
ci 
o 
NiCI2, Zn, 
PPh3, bipy 
DMAc, 80 °C 
, x O , 
^ WW 
Scheme 2.4. Synthesis of 4'-isopropylbenzophenone capped poly(2,5-benzophenone). 
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Scheme 2.5. Phase transfer chlorination of 4'-isopropylbenzophenone capped poly(2,5-
benzophenone). 
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Scheme 2.6. ATRP of styrene using poly(2,5-benzophenone) macroinitiator. 
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Scheme 2.7. Synthesis of sulfonated polystyrene-£-poly(2,5-benzophenone)-Z?-polystyrene. 
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Table 2.1. Polymerization results and conditions for the ATRP of styrene using the 
benzylchloride end functionalized macroinitiator". 
Sample M/Ik Time Solvent 
<Mn>Xl0'3 
(g/mol)' 
PDI' % Yield'' 
TBI 60 48 DMAc 32.5 1.5 74 
TB2 80 48 DMAc 115.7 1.6 92 
TB3 80 14 anisole 85.9 1.6 96 
"Polymerization conditions: 3.1 xlO3 g/mol macroinitiator, 2 eq. dNbipy, 110 °C. '' M/I = mol 
monomer / mol initiator (theoretical number of chain ends). 'Data obtained by GPC. 
''Determined by mass recovered. 
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Table 2.2. Conditions and results of the phase transfer chlorination of 4z-alkylbenzophenone 
derivatives. 
Substrate Time Bleach eq. BnEt3NCl eq. Temp. % Yield" 
8 2 2 RT 41 
4 8 2 RT 37 
8 8 2 RT 41 
Me 24 8 2 RT 47 
24 8 2 40 39 
4" 8 2 80 5 
24 2 4 RT 76 
z'-Pr 24 2 4 RT 100 
"Determined by 'H NMR. ''Reaction mixture turned black. 
Table 2.3. Molecular weight data for isopropylbenzophenone capped poly(2,5-
benzophenone)s. 
Sample 
Endcap Feed" 
(mol fraction) 
<Mn> x l 0 3  
(g/mol)fc 
PDI' 
Mil 0.2 1.7 1.7 
MI2 0.1 2.4 1.8 
MI 3 0.05 2.9 2.1 
MI 4 0.025 3.3 2.1 
"Endcap feed = mol endcap/ (mol endcap + mol monomer). ''Data determined by GPC 
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Table 2.4. Variation of triblock copolymer weight by use of the monomer to initiator ratio." 
MI TB 
Sample <M„> xlO 3 PDl'' M/T <M„>xlO^ PDI' 
(g/mol)'' (g/mol)'' 
TB 1 1.7 1.69 39 7.9 1.4 
TB 2 1.7 1.69 78 12.9 1.4 
TB 3 1.7 1.69 157 19.0 1.9 
TB 4e 2.4 1.82 314 42.0 1.5 
"Polymerization conditions = Isopropyl functionalized macroinitiator, PMDETA, anisole, 
110 °C, 24h. ''Data determined by GPC for the polybenzophenone macroinitiator. ' M/I = 
moles monomer / moles chain ends of macroinitiator. ''Data determined by GPC for triblock 
copolymer. f48h reaction. 
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Table 2.5. Glass transition temperatures of macroinitiators and triblock copolymers 
MI TB 
<Mn>XlO^ MI Tg,; <M„>xlO^ PDI' Tg PS block'' Tg PB block'1 
(g/mol)" (g/mol)' 
7.9 1.4 103 — 
1.7 139 
12.9 1.4 106 — 
8.0 1.6 103 155 
2.4 149 
42.2 1.5 101 154 
23.8 1.2 102 158 
2.8 159 
34.6 1.7 110 152 
34.6 1.5 105 151 
3.3 158 
36.0 1.2 100 147 
"Data determined by GPC for the macroinitiator. 6Glass transition determined by DSC, MI = 
macroinitiator, PS = polystyrene, PB = polybenzophenone. 'Data determined by GPC for the 
triblock copolymer. 
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Figure 2.1. 'H NMR of 4-chloro-4'-isopropyl benzophenone before and after chlorination. 
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en/:!; b 
% Endcap in Feed 
" 
10% ^ 
. A. * 
25% i 
10 0 8.0 8.0 7,0 6.0 5,0 4.0 3.0 2.0 1.0 0.0 ppm 
Figure 2.2. *H NMR 4'-isopropylbenzophenone functionalized benzophenones resulting 
from varying feed ratios of monomer and endcapping agent. 
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Figure 2.3. 'H NMR of 4'-isopropylbenzophenone chain end functionalized poly(2,5-
benzophenone) before and after chlorination. 
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Figure 2.4. TEM micrographs of polystyrene-6-poly(2,5-benzophenone)-fr-polystyrene with 
1.7 x 103 g/mol rod blocks, a, 7.3% by volume rod block; b, 11.7% by volume rod block; and 
c, 19.4% by volume rod block. 
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Figure 2.5. TEM micrographs of polystyrene-6-poly(2,5-benzophenone)-Z?-polystyrene with 
2.7 x 103 g/mol rod blocks, a, 10.0% by volume rod block; and b, 15.7% by volume rod 
block. 
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Figure 2.6. TEM micrographs of polystyrene-6-poly(2,5-benzophenone)-6-polystyrene with 
3.3 x 103 g/mol rod block, a, 8.3% by volume rod block; and b, 9.2% by volume rod block. 
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Figure 2.7. Partial phase separation diagram for polystyrene-/?-poly(2,5-benzophenone)-/?-
polystyrene. Filled points - uniform spheroids, 50 nm and smaller, Unfilled points - large 
size disperse spheroids, * - 3.3 x 103 g/mol rod block, A - 2.9 x 103 g/mol rod block, # - 2.7 
x 103 g/mol rod block, 0 - 2.4 x 103 g/mol rod block, x - 1.7 x 103 g/mol rod block. Dashed 
line represents the spinodal for coil-coil block copolymer systems. 
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Figure 2.8. DMA results of polystyrene-Z?-poly(2,5-benzophenone)-6-polystyrene and 
polystyrene. 
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Figure 2.9. TEM micrographs of polystyrene-/?-poly(2,5-benzophenone)-Z>-polystyrene 
before (a) and after sulfonation (b). 
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CHAPTER 3. ADVANCES IN Ni(0)-CATALYZED COUPLING FOR THE 
SYNTHESIS OF POLYTHIOPHENES AND POLYPHENYLENES 
A paper submitted to Macromolecules. Unpublished work, copyright 2003, American 
Chemical Society. 
Erik C. Hagberg, David A. Olson, and Valerie V. Sheares 
Abstract 
The effects of solvent and monomer structure on the Ni(0)-catalyzed polymerization 
of 2,5-dichloro-3-(2'-thiophenecarbonyl)thiophene, 3-benzenesulfonyl-2,5-dichloro-
thiophene, 2,5-dichlorobenzophenone, and 2-benzenesulfonyl-1,4-dichlorobenzene were 
explored. Poly[3-(2'-thiophenecarbonyl)-2,5-thiophene] with an intrinsic viscosity of 0.38 
dL/g and a 10% weight loss temperature in nitrogen of 480 °C (Tg= 149 °C) was 
synthesized. Oligomeric material was prepared from 3-benzenesulfonyl-2,5-
dichlorothiophene. Poly(2,5-benzophenone) of 58 x 103 g/mol ([r|] = 1.15 dL/g) with a Tgof 
180 °C and a 10% weight loss temperature in nitrogen of 576 °C was synthesized. 
Oligomeric materials were also obtained from the polymerization of 2-benzenesulfonyl-1,4-
dichlorobenzene. It was shown that the solvent choice has drastic effects upon the catalyst 
system and the final polymer. The differences in the catalyst resulting from solvent choice 
were explored by nuclear magnetic resonance (NMR). Effects arising from the structure of 
the monomer are discussed in relationship to the results obtained and the proposed 
mechanism. 
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Introduction 
Since its development by Colon and Kelsey, nickel(0)-catalyzed coupling has proven 
to be a powerful synthetic method for the formation of carbon-carbon aryl bonds. The 
reaction conditions tolerate many functionalities with the only known exceptions being 
protic, nitro, and amine-containing substituents. A wide range of polymeric materials have 
been synthesized from inexspensive arylene chlorides' and mesylates2'3, as well as the more 
costly bromide, iodide, and triflate derivatives.4'5 The mechanism of the reaction has been of 
great interest and many advances have been made in understanding the role of ligands, 
temperature, and reducing metal on the polymerization. 
Our interests lie in the synthesis of polythiophenes and polyphenylenes substituted 
with electron-withdrawing substituents. The presence of electron-withdrawing groups ortho 
or para to the reactive site accelerates the reaction rate by activating that site to oxidative 
addition by the Ni(0) complex.6 Substituents such as the benzoyl and benzenesulfonyl 
pendant group have been shown to exhibit many additional beneficial properties. The 
benzoyl pendant is known to increase the solubility of the wholly aromatic polyphenylene 
material, while maintaining the outstanding thermal and mechanical properties of the 
conjugated backbone.7 The benzenesulfonyl pendant imparts very high thermal stability with 
10% weight loss temperatures for oligomeric materials near 500 °C.8 
Despite the numerous materials that have been synthesized and the current level of 
understanding of Ni(0) catalysis, many issues remain to be addressed, specifically with 
polythiophenes and polyphenylenes containing electron-withdrawing side groups. 
Previously our group explored the polymerization of 3-benzoyl-2,5-dichlorothiophene (Ml) 
as a route to high performance materials for applications such as field-effect transitors (FET), 
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optical sensors, and light emitting diodes.9 Polymers with intrinsic viscosities of 0.37 dL/g 
were synthesized, but several problems were encountered. Purification of the monomer, a 
viscous, yellow oil was difficult. The removal of all protic impurities, which is essential for 
Ni(0) coupling, presented particular difficulty. During the polymerization, degradation of this 
material, leading to a mixture of polymer and low molecular weight side product, was 
observed. Degradation of polythiophene derivatives at long reaction times in Ni(0) 
polymerization was also seen by Ueda.10 In addition the final product only exhibited partial 
solubility in most common solvents including tetrahydrofuran and 7V,7V-dimethylacetamide 
which led to difficult processing and characterization. 
In our work with polyphenylenes, the excellent reactivity of benzophenone 
derivatives was observed. Materials up to 25 x 103 g/mol with outstanding mechanical and 
thermal properties were synthesized, but these polymers formed brittle films.12 The 
formation of flexible films is a requirement for many of the potential applications of this 
material, such as separation membranes and organic electronics. Also, nearly 15% reduction 
of the carbonyl group was observed.13 When replaced with a sulfone functionality, only 
oligomeric materials were synthesized.8 
In this paper, the synthesis of a new polymer from 2,5-dichloro-3-(2'-
thiophenecarbonyl)thiophene (M2), as well as a study of the behavior of 3-benzenesulfonyl-
2,5-dichlorothiophene (M3), 2,5-dichlorobenzophenone (M4), and 2-benzenesulfonyl-1,4-
dichlorobenzene (M5) are presented. Reaction conditions were varied and analyzed to 
address the limitations presented above. Factors considered are the monomer structure, type 
of solvent, and types of ligand present. The catalytic systems were explored via the use of 
proton and phosphorous nuclear magnetic resonance (NMR). The polymers and oligomers 
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were analyzed by gel permeation chromatography (GPC), viscometry, thermal gravimetric 
analysis (TGA), differential scanning calorimetry (DSC), UV-visible spectroscopy, and 
fluorescence spectroscopy. 
Experimental 
Materials. All reagents were purchased from Aldrich, unless otherwise noted, and 
used without further purification. MA^-dimethylacetamide (DMAc) and anisole were dried 
over CaHa and vacuum distilled before use. Tetrahydrofuran (THF) was distilled from 
sodium and benzophenone. 2,2'-bipyridine (bipy) and triphenylphosphine were purified by 
recrystallization from ethanol and cyclohexane, respectively. 
Monomer Synthesis. The monomers were synthesized by adding aluminum chloride 
(leq.) to a stirring mixture of the aromatic substrate (leq.) and acid chloride (1.1 eq.) in 5 eq. 
of nitromethane at 0 °C. The reaction was allowed to warm to room temperature and stir for 
24 h. The reaction was stopped by pouring the solution into acidic ice water, and the resulting 
oil was separated by extraction with ethyl acetate. With solid products, the crude monomer 
was isolated by filtration. The oil was concentrated by removal of the ethyl acetate under 
vacuum. The oil (or crude solid) was treated with activated carbon in boiling ethylacetate / 
heptane (1:8) and filtered. Upon cooling to room temperature, the resulting crystals were 
isolated by filtration on a glass frit and dried under vacuum. 
2,5-dichloro-3-(2'-thiophenecarbonyl)thiophene), from 2,5-dichlorothiophene and 
thiophene-2-carbonylchloride (76% yield). Yelloworange crystalline solid, melting point 64 
°C. 'H NMR: Ô (ppm) = 7.06 (s, lH),7.17(dd, 1H, J= 3.9, 2.7 Hz), 7.64 (d, 1H, 7 = 2.7 
Hz), 7.76 (d, 1H, J = 3.9 Hz). 13C NMR: Ô (ppm) = 126.76 (CH), 127.27 (q-C), 128.28 (CH), 
130.05 (q-C), 135.18 (CH), 135.45 (CH), 136.23 (q-C), 143.30 (q-C), 180.23 (CO). Anal.: 
Calcd for C9H4OS2Cl2: C, 41.08; H, 1.54; S, 24.37. Found: C, 41.09; H, 2.03; S 24.49. 
3-benzenesulfonyl-2,5-dichlorothiophene, from 2,5-dichlorothiophene and 
benzenesulfonyl chloride (60% yield). White crystalline solid, 134 °C. 'H NMR: ô (ppm) = 
7.25 (s, 1H), 7.56 (dd, 2H, J = 7.2, 7.2 Hz), 7.65 (t, 1 H, J = 7.2 Hz), 8.00 (d, 2H, J = 7.2 Hz). 
^C NMR: 8 (ppm) = 126.18 (CH), 127.68 (q-C), 127.82 (CH), 129.31 (CH), 131.89 (q-C), 
133.97 (CH), 137.37 (q-C), 140.33 (CH). Anal.: Calcd. for Ck)H602S2C12: C, 40.97; H, 2.06; 
S, 21.87. Found: C, 40.75; H, 2.36; S, 21.82. 
2,5-dichlorobenzophenone, from benzene and 2,5-dichlorobenzoyl chloride (72% 
yield). White crystalline solid, melting point 93 °C. *H NMR: 6 (ppm) = 7.37 (s, 1H), 7.41 
(m, 2H), 7.49 (dd, 2H, J = 7.2, 7.2 Hz ), 7.63 (t, 1H, J = 7.2 Hz), 7.80 (d, 2H, J = 12 Hz). 13C 
NMR: ô (ppm) = 128.75 (CH), 128.86 (CH), 129.54 (q-C), 130.03 (CH), 131.07 (CH), 
131.24 (CH), 132.89 (q-C), 134.07 (CH), 135.79 (q-C), 139.83 (q-C), 193.67 (CO). Anal.: 
Calcd. for C^H^O2Cl2: C, 62.18, H, 3.22. Found: C, 62.47; H, 3.28. 
2-benzenesulfonyl-1,4-dichorobenzene, from benzene and 2,5-
dichlorobenzenesulfonyl chloride (54% yield). White crystalline solid, melting point 134 °C. 
'H NMR: 5 (ppm) = 7.36 (d, 1H, J = 8.4 Hz), 7.50 (dd, 1H, J = 8.4, 2.4 Hz), 7.54 (dd, 2H, J 
= 7.8, 7.8 Hz), 7.64 (t, 1H, J = 7.8 Hz), 7.96 (d, 2H, J = 7.8 Hz), 8.50 (d, 1H, J = 2.4 Hz). I3C 
NMR: Ô (ppm) = 128.95 (CH), 129.23 (CH), 131.05 (CH), 131.42 (q-C), 132.45 (q-C), 
132.51 (q-C), 133.38 (CH), 133.07 (CH), 134.76 (CH), 139.63 (q-C). Anal.: Calcd. for 
C12H802SC12: C, 50.19; H 2.81; S, 11.17. Found: C, 49.06; H, 3.38; S, 11.09. 
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Polymer Synthesis. (In DMAc). Nickel(II) chloride (0.1 eq.), zinc, (3.1 eq.), 
triphenylphosphine (0.4 eq.), and bipy (O.leq.) were added to a flask equipped with an 
overhead stirrer and a nitrogen inlet. Solvent (10 eq.) was added via syringe and the mixture 
was stirred at 80 °C until a deep red color was observed. The monomer was added and 
allowed to react for a specified amount of time or until the reaction mixture became too 
viscous to stir. The polymer was then precipitated in hydrochloric acid and methanol ( 1:4), 
filtered, washed on a glass frit, and reprecipatated from DMAc. 
(In THF or anisole). Dichlorobistriphenylphosphinenickel(II) (0.1 eq.), zinc (3.1 eq.), 
and triphenylphosphine (0.2 eq) were added to a flask equipped with an overhead stirrer in a 
glove box. The same procedure was followed as above, except in THF the reaction was 
carried out at 60 °C. 
Poly[3-(2'-thiophenecarbonyl)-2,5-thiophene]. *H NMR: 8 = (ppm) 7.15 (broad), 
7.53 (broad), 7.64 (broad), 7.79 (broad). 13C NMR: ô (ppm) =131.94 (CH), 133.57 (CH), 
135.31 (CH), 136.80 (CH), 139.06 (q-C), 140.30 (q-C), 141.93 (q-C), 148.39 (q-C), 187.37 
(CO). Anal.: Calcd. for C9H4OS2: C, 56.22; H 2.10; S, 33.35. Found: C, 55.57; H, 2.39; S, 
31.05. 
Poly(3-benzenesulfonyl-2,5-thiophene). 'H NMR: ô (ppm) =7.19 (broad), 7.37 
(broad), 7.46 (broad), 7.57 (broad). 13C NMR: ô (ppm) = 126.79 (CH), 127.10 (q-C), 129.31 
(CH), 131.75 (q-C), 133.82 (q-C), 133.98 (CH), 138.54 (q-C), 139.54 (CH). Anal.: Calcd. for 
CioHfASz: C, 54.03; H 2.72; S, 28.85. Found: C, 53.69; H, 3.35; S, 26.88. 
Poly(2,5-benzophenone). ]H NMR: ô (ppm) = broad signal 6.5 - 8.2 (peaks at 6.5, 
6.7, 7.2, 7.5, 7.75). 13C NMR: 8 (ppm) = broad signal 125 - 135 (peaks at 128.14, 129.22, 
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129.81, 131.03, 131.85), broad signal at 137.23, broad signal at 138.94, signal at 197.6 (CO). 
Anal.: Calcd. for C.oHaOiS]: C, 54.03; H 2.72; S, 28.85. Found: C, 53.69; H, 3.35; S, 26.88. 
Poly(3-benzenesulfonyl-l,4-benzene). 'H NMR: ô (ppm) = broad signal 6.9 - 8.9 
(peaks at 6.95, 7.4, 7.75, 8.0, 8.4, 8.8). ^C NMR: 8 (ppm) = 126.94, 127.34, 128.84, 129.56, 
131.75, 133.615, 134.55, 138.15, 139.85. Anal.: Calcd. for CiiHgOoS: C, 66.65; H, 3.73; S, 
14.83. Found: C, 62.46; H, 4.28; S, 14.10. 
Characterization. ]H NMR spectra were acquired in deuterated DMSO on a Varian 
VXR-300 or Bruker AC200. Molecular weights, relative to narrow polystyrene standards, 
were measured using a Waters GPC system consisting of a Waters 510 pump, Waters 717 
autosampler, a Wyatt Optilab DSP interferometric refractometer, and a Wyatt Dawn EOS 
light scattering detector. The measurements were taken at 40 °C with THF as the mobile 
phase on four columns (Polymer labs PLgel 100, 500, lxlO4, 1x10 s angstrom). Viscosity 
measurements were performed with an Ubbelohde capillary viscometer with DMAc as 
solvent at 30 °C. UV-vis spectra were measured on a HP 8542A Diode Array 
Spectrophotometer, and fluorescence spectra were obtained on a Jobin Yvon Spex 
FluoroMax-2 with an excitation wavelength equal to that of the Xmax of absorbance. 
Thermogravimetric analysis was performed on a Perkin Elmer TGA 7 with a heating rate of 
10 °C/min. Glass transitions were determined at the inflection point of the endotherm with a 
Perkin Elmer Pyris 1 differential scanning calorimeter with a heating rate of 10 °C/min. 
Results and Discussion 
In previous work with the 2,5-dichloro-3-benzoylthiophene monomer (Figure 3.1, 
Ml), limitations arising from monomer purity, polymer degradation during the reaction, and 
partial polymer solubility were encountered.9 In order to overcome these difficulties, 
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structurally similar derivatives of monomer M1 were synthesized. The monomers considered 
here are shown in Figure 3.1 and include the two thiophene derivatives, 2,5-dichloro-3-(2'-
thiophenecarbonyl)thiophene) (M2) and 3-benzenesulfonyl-2,5-dichlorothiophene (M3). 
Monomer Ml was a viscous oil, and subsequently very difficult to purify. It was shown that 
monomer purity is highly important in Ni(0)-polymerization due to reduction of the aryl 
chloride bond caused by protic impurities, which leads to low molecular weights. The 
purification issues associated with M1 were easily overcome when the benzoyl pendant was 
replaced with a thiophenecarbonyl or a benzenesulfonyl electron-withdrawing group. The 
resulting monomers, M2 and M3, were synthesized in high yield and greater than 99% purity 
by GC. As previously mentioned, the effects of the benzenesulfonyl group are known, but 
the structure property relationship of the thiophenecarbonyl pendant are unknown. It is 
expected to have properties similar to the benzoyl pendant, but the effect on the glass 
transition temperature (Tg), solubility, and optoelectronic properties are undetermined. 
The next step was to examine the polymerization behavior of these two monomers in 
addition to the final polymer properties. In doing so, the question of whether the same 
problems of degradation and limited solubility observed with M1, would occur with M2 and 
M3, was addressed. Polymerization of M2 was carried out in three solvents N,N-
dimethylacetamide (DMAc), anisole, and tetrahydrofuran (THF) (Table 3.1). 
Polymerization in DMAc gave yields of only 40 - 50%. Increasing the reaction time led to 
similar degradation as observed with Ml and lowered the yield. Conducting the 
polymerization in anisole or THF, increased the yields, and more importantly, no degradation 
was observed. Using THF as a solvent, led to near quantitative yields with short reaction 
times. 
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In addition to overcoming the degradation, the solubility of the final polymer from 
M2 was improved. This improvement allowed for the molecular weight characterization by 
GPC and intrinsic viscosity. All polymers from M2 were completely soluble in DMAc. The 
materials synthesized in anisole were completely soluble in THF. All other polymers of M2 
exhibited partial solubility in THF. Molecular weights were measured by GPC for the 
fractions of material soluble in THF and intrinsic viscosities were measured in DMAc. The 
polymers synthesized in near quantitative yields had the highest molecular weight THF 
soluble fractions of approximately 2.0 x 103 g/mol. The oligomers from the reactions in 
anisole were completely soluble in THF and had molecular weights of 700 to 900 g/mol. The 
material from reaction in DMAc had a viscosity of 0.20 dL/g, but a low yield due to side 
reactions that led to a large fraction of methanol soluble material. The intrinsic viscosities of 
the material produced in anisole were too low to measure due to low molecular weights. 
However, 4h in THF gave a polymer with an intrinsic viscosity of 0.28 dL/g. Increasing the 
reaction time to 24h led to a polymer with an intrinsic viscosity of 0.35 dL/g. 
The UV-vis and fluorescence spectra of the polymers and oligomers prepared from 
M2 were measured (Table 3.2). All spectra were measured with DMAc as the solvent. The 
polymers synthesized in THF had the longest measured Xmax of absorbance values, 450 - 452 
nm (PTC4 and 5). The oligomers produced in anisole had shorter A,maxof absorbance values, 
corresponding with very low molecular weights. Comparison of the spectra shows a marked 
difference in the resulting material from the polymerizations conducted in DMAc and those 
conducted in anisole or THF. In Figure 3.2, the spectrum of the product of the reaction in 
DMAc (PTC1) does not show a large valley at 360 nm like the products from reaction in 
anisole or THF. The absorbance of the same material also extends further towards the red 
than the higher molecular weight polymers from reaction in THF. A similar trend in the 
fluorescence spectra of the polymers was observed (Figure 3.3). The higher molecular 
weight material produced in THF had a larger Xmax of emission than did the lower molecular 
weight materials synthesized in anisole. The material from reaction in DMAc exhibited a 
much lower Xmax of emission, 560 nm, and broader emission spectra. Thermal analysis of 
these polymers again showed a difference between the materials produced in DMAc and 
those synthesized in ether solvents. PTC1 exhibited a 10% weight loss temperature of 391 
°C and a glass transition temperature of 134 °C. The oligomers from anisole (PTC2 and 3) 
showed a similar weight loss to PTC1, but lower glass transition temperatures. The 
polymers synthesized in THF had respectable 10% weight loss temperatures near 500 °C and 
glass transitions of 135 °C and 149 °C. It was evident from this data that the polymers 
produced in anisole and THF were structurally the same and only differed in molecular 
weight, while the product from reaction in DMAc was a wholly different material. Possible 
reasons for these differences were determined and will be addressed later in the text. 
Given the results for monomer M2, it was chosen to study the polymerization of 
monomer M3 in DMAc and THF (Table 3.3). A reaction time of 24h in DMAc gave a yield 
of 77%. Upon increasing the reaction time, degradative side reactions again were evident and 
the yield decreased to 62% in 72h. When THF was employed as solvent, a yield of 99% was 
obtained. However, no large increase in molecular weight was observed when THF was used 
as solvent. The material resulting from the reaction in DMAc had poor solubility. It was 
soluble only in DMAc and partly soluble in THF. The oligomer from reaction in THF was 
completely soluble in polar solvents such as THF, chloroform, and DMAc. Viscosity 
measurements were attempted, but only PTS1 exhibited a measurable intrinsic viscosity of 
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0.1 dL/g. The physical properties of the materials resulting from these two solvents again 
were quite different. PTS2 and PTS3 exhibited longer Xmax of absorbance and emission than 
the material produced in DMAc (PTS1) (A,max abs. = 378, A.inax em. = 555 from THF, Amax abs. 
= 340, XITiax em. = 470 from DMAc). In addition the oligomer from THF had higher 10% 
weight loss temperature of 434 °C compared to 335 °C for the polymer from DMAc. A glass 
transition temperature of 146 °C was also observed for the material synthesized in THF. The 
material from DMAc only exhibited a Tg of 101 °C. 
With the knowledge of the differing results in these solvents, it was chosen to revisit 
the polymerization chemistry of two materials that we earlier reported, 2,5 
dichlorobenzophenone (M4) and 2-benzenesulfonyl-1,4-dichlorobenzene (M5), to address 
the limitations encountered. With M3, polymers of up to approximately 25 x 103 g/mol were 
previously synthesized in quantitative yields. Unfortunately, polymerization in amide 
solvents led to nearly 15% reduction of the carbonyl.13 This was overcome by simply 
oxidizing the material post-polymerization or by the addition of small quantities of 
triphenylphosphineoxide (TPO) to the reaction mixture.14 In addition to this difficulty, these 
polymers formed brittle films. Many of the target applications for polymers such as this, 
require the formation of flexible, creasable films. While only oligomeric materials were 
produced from M5, they showed great promise with 10 % weight loss temperatures near 450 
°C.* 
Utilizing THF as solvent and the conditions described for M2 and M3, 
polymerization of M4 resulted in a molecular weight of 55.6 x 103 g/mol and an intrinsic 
viscosity of 1.15 dL/g. In addition to higher molecular weights than previously reported, no 
reduction of the carbonyl was observed, even without the addition of TPO. This result 
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eliminated the need for oxidation reactions post-polymerization. The polymer was soluble in 
solvents such as chloroform, THF, and DMAc. Thin films of the polymer were cast from 
chloroform. Although not highly creasable, the films were flexible and showed much better 
overall film-forming properties than the polymers synthesized previously in amide solvents. 
In addition to overcoming the two previous limitations, the physical properties of this 
polymer were greatly enhanced as well. The polymer had a 10% weight loss temperature of 
576 °C and a glass transition of 180 °C. Polymerization of M4 in THF only yielded soluble 
oligomeric material with an <Mn> of 1.6 x 103 g/mol and a PDI of 1.3. As in the previous 
study of this material, excellent potential thermal properties were observed with a 10% 
weight loss of 578 °C in nitrogen and a Tg of 136 °C. From these results, it was apparent 
that THF was the best solvent for coupling these arylene chlorides. Also, it was clear that the 
substitution of the carbonyl with a sulfone drastically changed the polymerization chemistry. 
No high molecular weight sulfone-containing materials were synthesized. These results led 
to two questions, the first was the role of solvent choice in the polymerization and the 
second, the role of the monomer structure. 
Although known to have a large effect upon the Ni(0)-coupling reaction, the 
difference of the catalyst in amide solvents and ether solvents that gives rise to degradation 
of polythiophenes and reduction of ketones was unclear.2'15 In order to understand the 
differing results from the synthesis of these materials in DMAc and THF, a study of the 
catalyst systems was undertaken. The catalyst components were sealed in NMR tubes, 
heated, and spectra were taken over 24h. Due to availability, MN-dimethylformamide-c// 
(DMF-ûf/ ) was substituted for DMAc. Several important differences in these series of spectra 
were apparent. In DMF-d7, free bipyridine (bipy) ( 8.4 an 8.7 ppm) was observed throughout 
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the reaction (Figure 3.4). With THF-c/(S as solvent, free bipy was not observed after 4h 
(Figure 3.5). Bipy was shown in previous work to inhibit side reactions such as phenyl 
migration from triphenylphosphine (TPP). The ability of bipy to suppress these side reactions 
would be diminished in an uncomplexed state. The second important difference in the two 
systems was the much lower number and low relative abundance of the phosphorous 
containing species in DMF-c// (Figure 3.6) compared to THF-c/* (Figure 3.7). Although, it 
was not apparent which species was responsible for the catalytic activity, a higher 
concentration of the active catalyst would be expected to increase the rate of the reaction. 
The final difference to be noted was the overall stability of the catalyst in the two solvents. 
The increase and narrowing of the TPP signal in the 31P NMR of the DMF-c// system 
indicated less TPP complexed with the nickel over time and thus less active nickel species 
(Figure 3.6). In THF-c/s, the signals remained constant from 8h to 24h (Figure 3.7). The 
color of the catalyst systems throughout the time period supported this observation. 
Concurrently with the increase in TPP signal intensity, the catalyst turned black. In THF-J,s, 
the catalyst remained the deep red color associated with the active Ni(0)-complex through the 
24h time period. 
In order to understand the role of the monomer structure in the reaction, the 
mechanism was considered. The catalytic cycle proposed by Colon and Kelsey contains 
three steps in which the structure of the monomer could possibly play a role (Scheme 3.1).5 
These steps were oxidative addition of Ni(0) across the aryl chloride bond (step 1), reduction 
resulting in an arylnickel(I) species (step 2), and oxidative addition of the arylnickel(I) 
species to a second aryl chloride (step 3). The first two steps were shown to be accelerated by 
the presence of an electron-withdrawing substituent on the aryl chloride.6 In the third step, 
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the presence of an electron-withdrawing group ortho to the Ni-C bond would be expected to 
increase the stability of the electron rich, ArNi(I)L3 (where L = PPh3 or L2 = bipy) complex, 
and thus slow the oxidative addition reaction of this complex with a second aryl chloride. 
Colon and Kelsey proposed that early in the reaction (conversions less than 80%), the 
reduction of the ArNi(II)ClL2 (step 2) was the rate-limiting step. As the concentration of 
ArCl approached that of the nickel species, the oxidative addition of ArNi(I)L3 (step 3) 
became rate limiting. The degree of polymerization is related to the conversion through 
Equation 3.1 ([Xn] = average degree of polymerization, p = converison).16 Oligomers of 10 
repeat units (such as the sulfone materials presented here) equated to a 90% conversion of the 
aryl chloride. At this concentration, the oxidative addition of ArCl to the ArNi(I)L3 would be 
rate limiting. Sulfonyl substituents are stronger withdrawing groups than ketones, and thus 
deactivate the ArNi(I)L3 complex for oxidative addition to a greater extent. 
[ X n ]  =  1/ (1- p) Equation 3.1. 
From this mechanism and our experimental results, we propose that in Ni(0)-
catalyzed coupling there exists a window of reactivity in which the activating character of the 
electron-withdrawing ability of the subsistent in the first two steps is balanced with the 
deactivating character of the same group in the third step. Ketone pendants such as the 
benzoyl group or the thiophenecarbonyl group meet this requirement. Pendants such as 
sulfones, deactivate the third step to a large enough degree to inhibit the reaction. 
Conclusions 
The choice of solvent and the monomer structure were shown to be key 
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considerations in the Ni(0) polymerization of arylene dichlorides monomers containing 
electron-withdrawing substituents. Polymerization in DMAc resulted in side reactions, such 
as degradation of the thiophene polymers in the reaction mixture and reduction of the 
carbonyl groups, that limited the materials utility. Through the use of THF as solvent, high 
molecular weight poly[3-(2'-thiophenecarbonyl)-2,5-thiophene] and poly(2,5-benzophenone) 
were synthesized and no side reactions were observed. Although the exact cause of the 
differing results was not found, drastic differences in the catalytic environments in the two 
solvents were observed by NMR. Also, high molecular weight materials from monomers 
containing carbonyl functionalities were obtained, while substitution with a sulfone resulted 
in oligomeric material. Analysis of the results and consideration of the mechanism showed 
that in Ni(0)-catalyzed polymerization, there is a window of electron-withdrawing ability for 
which functionalities such as carbonyl containing pendants meet the criteria and greatly 
accelerate the reaction. Increasing the electron-withdrawing ability by substitution with a 
sulfone slows the reaction due to the stabilization of a reactive intermediate. 
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Table 3.1. The conditions and results for the polymerization of 2,5-dichloro-3-(2'-
thiophenecarbonyl)thiophene (M2). 
Sample Solvent 
Time 
(h) % Yield" [ T ] f  
dIVg 
PTC1 DMAc 24 42 0.20 
PTC2 anisole 4 78 
C 
PTC3 anisole 24 88 
c 
PTC4 THF 4 98 0.28 
PTC5 THF 24 97 0.35 
DMAc = M/V-dimethylacetamide, THF = tetrahydrofuran, "Determined by mass recovered. 
''Determined using an Ubbelohde capillary viscometer with DMAc as solvent at 30 °C. 
^Intrinsic viscosities were too low to be measured. 
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Table 3.2. Physical properties of poly[3-(2,-thiophenecarbonyl)-2,5-thiophene]. 
A-max Abs. XmaxEm. 10% Weight Loss 
Sample Tgd 
(nm)" (nm)1' Temperature" 
PTC1 412 560 391 134 
PTC2 418 605 351 99 
PTC3 414 610 387 92 
PTC4 452 610 496 135 
PTC5 450 610 480 149 
Abs. = absorbance, Em. = Emission "Determined by UV-vis spectroscopy. ^Determined by 
fluorescence spectroscopy with an excitation wavelength equal the Xmax abs. 'Determined by 
TGA, ^Determined by DSC 
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Table 3.3. The conditions and results for the polymerization of 3-benzenesulfonyl-2,5-
dichlorothiophene (M3). 
<Mn> PDl" 
Sample Solvent Time (h) % Yield" [rj]' dL/g 
(g/mol)'' 
PTS1 DMAc 24 77 1700" 1.89 0.10 
PTS2 DMAc 72 62 1300 d 1.59 e 
PTS3 THF 24 99 2200 2.05 e 
DMAc = N,vV-dimethy 1 acetamide, THF - tetrahydrofuran, "Determined by mass recovered. 
''Determined by GPC. 'Determined using an Ubbelohde capillary viscometer with DMAc as 
solvent at 30 °C. ^Not completely soluble in THF. ^Intrinsic viscosities were too low to be 
measured. 
SO, 
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'! W 
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so2 
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Figure 3.1. Structures of 3-benzoyl-2,5-dichlorothiophene (Ml), 2,5-dichloro-3-(2'-
thiophenecarbonyl)thiophene (M2), 3-benzenesulfonyl-2,5-dichlorothiophene (M3), 2,5-
dichlorobenzophenone (M4), and 2-benzenesulfonyl-1,4-dichlorobenzene (M5). 
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Figure 3.2. UV-vis spectra of poly(3-(2'-thiophenecarbonyl)-2,5-thiophene) synthesized in 
DMAc (0), anisole (•), and THF (A). 
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Figure 3.3. Fluorescence spectra of poly(3-(2'-thiophenecarbonyl)-2,5-thiophene) 
synthesized in DMAc (0), anisole (•), and THF (A). 
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Figure 3.4. *H NMR spectra of the reaction of NiCl2 (0.1 eq), Zn (3.1 eq), TPP (0.4 eq), and 
bipy (0.1 eq) over 24h at 80 °C in DMF-c/7. 
8.5 8.0 7.5 7.0 6.5 6.0 ppm 
Figure 3.5. *H NMR spectra of the reaction of NiCl2(PPh3)2 (0.1 eq), Zn (3.1 eq), TPP (0.2 
eq), and bipy (0.1 eq) over 24h at 60 °C in THF-ds. 
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Figure 3.6.3IP NMR spectra of the reaction of NiCl2 (0.1 eq), Zn (3.1 eq), TPP (0.4 eq), and 
bipy (0.1 eq) over 24h at 80 °C in DMF-J7. 
16 h 
Oh 
Figure 3.7. "P NMR spectra of the reaction of NiCl^PPh^)? (0.1 eq), Zn (3.1 eq), TPP (0.2 
eq), and bipy (0.1 eq) over 24h at 60 °C in THF-d*. 
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Ni(ll)CI2 + 3L + Zn 
ZnCI 
step 1 
Ni(0)L3 
ArCI 
Zn 
ArCI 
~-2L 
ZnCI 
+ 2L 
Zn 
'2 
ArCI Ar-Ar 
step 2 
step 3 
Scheme 3.1. Reaction mechanism proposed by Colon for the Ni(0)-catalyzed polymerization 
of aryl chlorides. 
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CHAPTER 4. SYNTHESIS OF HIGH MOLECULAR WEIGHT POLY(2,5-
BENZOPHENONE) CONTAINING COIL-ROD-COIL TRIBLOCK COPOLYMERS 
A paper submitted to Macromolecules, Unpublished Work, Copyright 2003, American 
Chemical Society 
Erik C. Hagberg and Valerie V. Sheares* 
Abstract 
An extension our previously reported methodology for the synthesis of poly(2,5-
benzophenone) containing coil-rod-coil triblock copolymers is described. Utilizing improved 
Ni(0)-catalyzed coupling conditions, chain end functionalized poly(2,5-benzophenone)s of 
molecular weights ranging from 2.5 x 103 g/mol to 25.8 x 103 g/mol are reported. The chain 
ends are converted in a versatile manner to yield macroinitiators for atom transfer radical 
polymerization and varying molecular weights of poly(methylmethacrylate)-/>-poly(2,5-
benzophenone)-^-poly(methylmethacrylate) are synthesized. The rod blocks are 
characterized by gel permeation chromatography (GPC), online-multiangle laser light 
scattering (MALLS), differential scanning calorimetry (DSC), and nuclear magnetic 
resonance (NMR). The triblocks are characterized by GPC and NMR. 
Introduction 
Due to their unique combination of properties, much recent interest has been devoted 
to the synthesis of rod-coil and coil-rod-coil block copolymers. A wide range of rigid rod 
materials such as poly(phenylenevinylene)1 (PPV), poly(phenyleneethylene)2 (PPE), and 
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poly(p-phenylene)3 (PPP) have been incorporated with random coil polymers such as 
polyethyleneoxide (PEO) and polystyrene (PS). The block copolymer architecture and the 
high degree of immiscibility have led to a diverse array of properties resulting from phase 
separation at the nanometer scale. These materials have exhibited narrowed emission spectra 
over that of the rod homopolymer4, enhanced mechanical properties over that of the coil 
homopolymer5, and the formation of self-assembled nanometer sized structures.6 The block 
copolymer structure has also been shown to increase the solubility and film-forming 
properties over the rod-like homopolymer. Despite these advantages, the use of rod-coil and 
coil-rod-coil block copolymers has been limited by difficulties in the synthesis of rod blocks 
of significant molecular weight with narrow polydispersity and controlled functionality at the 
chain ends. However, when not necessary for the desired application, removal of the 
constraint of narrow polydispersity has allowed for the use of facile polymerization methods 
for the synthesis of the rod blocks. Previously, we reported the synthesis of the model 
compound polystyrene-6-poly(2,5-benzophenone)-fr-polystyrene through the use of Ni(0)-
polymerization in the presence of an endcapping agent and subsequent use of this chain-end 
functionalized polymer for the atom transfer radical polymerization of styrene.7 The triblock 
copolymers were shown to exhibit phase separation at the nanometer scale with potential 
utility in mechanical applications and the construction of photovoltaic devices. However, 
due to limitations within the Ni(0)-coupling catalyst system, materials with rod blocks of only 
1.7 x 103 g/mol to 3.3 x 103 g/mol were synthesized. Here we report the synthesis of chain-
end functionalized polybenzophenones of up to 25.8 x 103 g/mol through the use of improved 
Ni(0)-polymerization conditions. These higher molecular weight rods will allow the synthesis 
of high molecular weight coil-rod-coil triblock copolymers with rod volume fractions of 
greater than 25%. The higher molecular weight rods have potential for use in high strength 
nano-composite materials, separation membranes, and the formation of poly(p-phenyelene) 
nanostructures. As evidence of the versatility of this methodology, an endcapping and chain 
end functionalization scheme different from our previous work was employed. The 
endcapping agent, 4-chloro-4'-fluorobenzophenone, was utilized in feed ratios of 0.2 to 0.005 
mole fraction in the polymerization of 2,5-dichlorobenzophenone to yield 
fluorobenzophenone functionalized telomers. The chain ends were then transformed in a two 
step process to give a bromoisobutyrate chain end functionalized polybenzophenone. These 
materials were then utilized to synthesize poly(methylmethacrylate)-/?-poly(2,5-
benzophenone)-/?-poly(methylmethacrylate) coil-rod-coil triblock copolymers of varying 
molecular weights. To our knowledge, the materials reported here possess the highest 
molecular weight rod blocks incorporated into coil-rod-coil triblock copolymers. The rod­
like macroinitiators were characterized by nuclear magnetic resonance (NMR), gel 
permeation chromatography (GPC) and differential scanning calorimetry (DSC). In addition 
the rod materials were analyzed by online-multiangle laser light scattering (MALLS) and the 
results compared with the GPC data relative to polystyrene. The triblock copolymers were 
analyzed by NMR and GPC. 
Experimental 
All materials were purchased from Aldrich unless otherwise noted, and used without 
further purification. Tetrahydrofuran (Fisher) was dried on an alumina bead solvent 
purification system. 2,2'-Bipyridine and triphenylphosphine were recrystallized form ethanol 
and cyclohexane, respectively. We have previously reported the synthesis of 2,5-
dichlorobenzophenone and 4-chloro-4'-fluorobenzophenone.8'9 
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Macroinitiator Synthesis. 2,5-dichlorobenzophenone and varying ratios of 4-chloro-
4'-fluorobenzophenone were polymerized in a three-neck flask equipped with an overhead 
stirrer under a N2 purge using a catalyst of NiCl2(PPh3)2 (0.1 eq.), Zn (3.1 eq.), PPh3 (0.2 eq.), 
and 2,2'-bipyridine (0.1 eq.) dissolved in tetrahydrofuran (10 eq.). The reaction was allowed 
to proceed at 60 °C until there was no change in color or viscosity (4 to 12 h). The reaction 
mixture was then precipitated into methanol / concentrated hydrochloric acid (4/1) to remove 
excess zinc. The resulting polymer was dissolved in dry MN-dimethylacetamide and the 
fluoro endgroups (1 eq. in chain ends) were substituted with bisphenol A (10 eq.) in the 
presence of potassium carbonate (10 eq.) at 120 °C for 12h. The reaction mixture was 
precipitated in methanol and the resulting polymer was separated from the inorganic salts by 
soxhlet extraction with THF. After drying in a vacuum oven, the polymer (1 eq. in chain 
ends) and triethylamine (1 eq.) were dissolved in dry THF (100 eq.). Bromoisobutyryl 
bromide (1.1 eq.) was added dropwise and the mixture was stirred overnight. Precipitation of 
the polymer into methanol yielded the bromoisobutyrate functionalized macroinitiator (MI-lc 
- MI-6c). The characterization of these materials is presented later in the text. 
Triblock Synthesis. The ATRP of methylmethacrylate was carried out in a Schlenk 
flask containing macroinitiator (1 eq. in chain ends), CuBr (1 eq.), 
pentamethyldiethylenetriamine (2 eq.), and anisole as solvent. The mixture was subjected to 
three freeze-pump-thaw cycles to remove oxygen, refilled with nitrogen, and heated to 90 °C 
for 2h. After the predetermined time period, THF was added and the mixture precipitated into 
methanol. 
Characterization. Molecular weights, relative to narrow polystyrene standards, were 
measured using a Waters GPC system consisting of a Waters 510 pump, Waters 717 
autosampler, a Wyatt Optilab DSP interferometric refractometer, and a Wyatt Dawn EOS 
light scattering detector. The measurements were taken at 40 °C with THF as the mobile 
phase on four columns (Polymer Labs Plgel 100, 500, lxlO4, and 1x10 s angstrom). NMR 
spectra were acquired on a Varian 300 spectrometer with deuterated methylene chloride. 
Glass transitions were determined at the inflection point of the endotherm on a Perkin Elmer 
Pyris 1 differential scanning calorimeter. 
Results and Discussion 
Our previous work with monochlorobenzophenone derivatives as endcapping agents 
in the Ni(0)-catalyzed polymerization of 2,5-dichorobenzophenone yielded 
polybenzophenone macroinitiators with molecular weights ranging from 1.7x 103 g/mol to 
3.3x 103 g/mol (GPC, polystyrene standards).7 More recently, we have shown that use the of 
tetrahydrofuran (THF) as solvent for the Ni(0)-coupling reaction results in much higher 
molecular weight polybenzophenones (55.6 x 103 g/mol)10 than the use of N,N-
dimethylacetamide (DMAc) as solvent (25 x 103 g/mol).8 Therefore, THF was employed as a 
solvent to study its effects upon the endcapping of the Ni(0)-catalyzed polymerization of 2,5-
dichorobenzophenone with 4-chloro-4'-fluorobenzophenone (Scheme 4.1, Rxn. 1). 
Changing the solvent to THF at the same feed ratios of momomer and endcapping agent as 
employed in the previous work, resulted in materials with molecular weights ranging from 
2.5 x 103 g/mol (MI-la) for 0.2 mole fraction endcapping agent to 9.5 x 103 g/mol (MI-4a) 
with 0.025 mole fraction endcapping agent (Table 4.1). Utilizing THF and endcapping agent 
mole fractions of 0.01 and 0.005, polymers of 16.lx 103 g/mol (MI-5a) and 25.8 x 103 g/mol 
(MI-6a) with monomodal molecular weight distributions were obtained. With endcapping 
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agent feeds less than 0.025 in amide solvents, broad multimodal distributions were obtained 
Due to the inherent inaccuracy in measuring the molecular weights of these rigid rod 
materials by comparison to monodisperse polystyrene standards, online-MALLS 
measurements were conducted. The molecular weights obtained with this method showed 
the same trend of increasing molecular weight with decreasing mole fraction of endcapping 
agent in the feed. The number average molecular weights ranged from 3.3 x 103 g/mol (MI-
la) with 0.2 mole fraction endcap in the feed to 19.5 x 103 g/mol (MI-6a) with 0.005 mole 
fraction endcap in the feed. 
DSC characterization showed good agreement with the results of the molecular 
weight characterization. As the molecular weight of the rod material was increased from 2.5 
x 103 g/mol (3.3 x 103 g/mol by online-MALLS) to 25.8 x 103 g/mol (19.5 x 103 g/mol by 
online-MALLS), the glass transition temperature (Tg) increased from 124 °C to 
approximately 160 °C. The Tgplateaued in the range 5.0 x 103 g/mol to 7.0 x 103 g/mol with 
all molecular weights above this range showing a glass transition near 160 °C (Table 4.1). 
The resulting fluorobenzophenone functionalized polymers were then reacted with a 
large excess of bisphenol-A under nucleophilic aromatic substitution conditions to yield a 
polymer with phenol functionalized chain ends (Scheme 4.1, Rxn. 2). The final 
macroinitiator was then prepared by reaction of this polymer with bromoisobutyryl bromide 
(Scheme 4.1, Rxn. 3). The transformations of the chain ends were monitored by NMR for 
the macroinitators resulting from endcapping agent feeds of 0.025 or greater. Due to the 
extremely low concentration of chain ends at higher molecular weights, it was not possible to 
follow the functionalization with smaller endcapping feeds in this manner. The 
fluorobenzophenone functionalities were observed in l3C NMR with a doublet at 115.4 ppm 
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(J = 86.2 Hz) arising from the carbon ortho to the fluorine atom. After reaction with 
bisphenol-A under SNAr conditions, this signal was no longer observed and signals at 31.0 
and 42.0 as well as 114.9, 117.1, and 119.5 were observed due to the isopropylidene and 
phenyl rings of bisphenol-A, respectively. In addition, 'H NMR showed the incorporation of 
the bisphenol-A functionality with a singlet at 1.78 ppm. The 'H NMR of MI-lc (the 
macroinitiatior with a molecular weight of 3.6 x 103 g/mol) showed in addition to the signals 
arising from bisphenol-A, a new singlet at 2.06 due to the methyls of the isobutyrate 
functionality. Furthermore, a ratio of near 1 to 1 was observed for these signals at 1.78 and 
2.06 ppm indicating near quantitative conversion in reaction step 3. 
With each step of the reaction sequence an increase in molecular weight was observed 
(Table 4.2). For example, when MI-la was reacted with bisphenol-A, the molecular weight 
increased by 500 g/mol. This agrees very well with the expected value for the addition of a 
bisphenol-A (formula weight = 228.29 g/mol) at both chain ends of the polymer. When MI-
lb was esterified with bromisobutyrlbromide, an increase of 600 g/mol was observed. This 
value was approximately twice the expected for the addition of two isobutyrate 
functionalities (formula weight = 150.01 g/mol), but this may be partly explained by a large 
increase in hydrodynamic volume resulting from the halogenated chain ends. Some of this 
increase in molecular weight and most likely the decrease in polydispersity may also be due 
to fractionation of the low molecular weight chains in the multiple precipitations to isolate 
the polymer after each step. 
The functionalized polybenzophenones were used to initiate the atom transfer radical 
polymerization of methylmethacrylate (Scheme 4.2). It was chosen to work with 
methylmethacrylate here, rather than the styrene used previously, due to much shorter 
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reaction times of 2 - 4h rather than 24 - 48h to achieve high molecular weight triblock 
copolymers in ATRP. The polymerizations proceeded cleanly, yielding polymers of varying 
molecular weight with low overall polydispersity (Table 4.3). When molecular weights were 
measured by GPC, monomodal weight distributions were obtained and no peak due to 
unreacted macroinitiator was observed (Figure 4.1). All triblock materials exhibited 
polydispersities less than the macroinitiator utilized. As with our previous work, the 
monomer to initiator ratio was utilized to synthesize triblock copolymers of varying 
molecular weight. Also due to the ability to synthesize high molecular weight chain end 
functionalized benzophenones, triblock copolymers of high molecular weight with rod blocks 
of up 25.8 x 103 g/mol were synthesized. These materials were completely soluble in such 
common organic solvents such as THF, chloroform, and toluene. These triblock copolymers 
also exhibited good film-forming properties. DSC analysis showed only transitions arising 
from the polymethylmethacrylate) block, but both *H and l3C NMR showed peaks arising 
from both polybenzophenone as well as poly(methylmethacrylate). 
Conclusions 
An extension of our previously described methodology to synthesize poly(2,5-
benzophenone rod blocks has been described. The improvements in the synthetic scheme 
allow for the incorporation of these rod segments of low to high molecular weight in coil-rod-
coil materials. This extension is valuable as the rod blocks would be utilized to improve the 
mechanical properties of the overall material and create a nano-reinforccd material. 
Continuing work includes a study of the phase separation behavior and the mechanical 
properties of these materials. Also triblock materials incorporating such materials as Nylon-
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6, polyesters, and poly(phenylenesulfide) are being synthesized in order to fully exploit the 
mechanical advantages of the poly(2,5-benzophenone) rod block. 
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Ph 
NiCI2(PPh3)2, Zn, PPh3 
bipy, THF, 60 °C, 4-24h 
Rxn. 1 
Ml-#a 
Bisphenol-A, K2C03 
DMAc, 120 °C, 12h Rxn. 2 
Ph 
HO Ml-#b 
Rxn. 3 Et3N, THF, 12h 
Ph 
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Scheme 4.1. Synthesis of the polybenzophenone macroinitiator. 
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Ph 
CuBr, Cu, PMDETA 
methylmethacrylate 
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Ph 
MeO' 
Scheme 4.2. Synthesis of poly(methylmethacrylate)-/?-poly(2,5-benzophenone)-/?-
poly(methylmethacrylate). 
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Table 4.1. Results of Ni(0)-Catalyzed Coupling of 2,5-Dichlorobenzophenone with Varying 
Endcapping Agent Feed Amounts. 
MALLS 
GPC 
Endcap Feed 
<Mn> 
<Mn> 
TgC 
Sample (mol. fraction) 
(x 10 3 g/mol)a 
PDf (xlO'3 
g/mol)b 
PDIb 
MI-la 0.2 2.5 1.88 3.3 1.20 124 
MI-2a 0.1 4.9 2.61 5.2 1.62 144 
MI-3a 0.05 5.5 2.67 7.6 1.37 162 
MI-4a 0.025 9.5 1.88 10.5 1.50 163 
MI-5a 0.01 16.1 1.80 11.0 1.51 164 
MI-6a 0.005 25.8 1.78 19.5 1.46 161 
a Determined by GPC relative to polystyrene standards. h Determined by online-MALLS 
with a dn/dc for poly(2,5-benzophenone) of 0.210.c Glass transition temperature determined 
by DSC. 
Table 4.2. Molecular Weight Data for the Synthesis of the 20% Endcapped Macroinitiator 
<Mn> 
Sample PDIa 
(xl0~3g/mol)a 
MI-la 2.5 1.88 
MI-lb 3.0 1.48 
MI-lc 3.6 1.40 
q Determined by GPC relative to polystyrene standards. 
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Table 4.3. Results of the ATRP of methylmethacrylate initiated by isobutyrate functionalized 
poly(2,5-benzophenone) macroinitiators. 
MI TB 
MI TB 
<Mn> <Mn> 
PDIa PDIa 
(xl03g/moiy ( x l O 3  g / m o l  ) a  
14.5 1.26 
3.6 1.40 
39.2 1.46 
19.6 1.35 
5.8 1.67 
29.6 1.30 
10.7 2.01 
8.7 2.94 
24.2 1.72 
23.5 1.97 33.3 1.75 
MI = macroinitiator, TB = Triblock copolymer,a Determined by GPC relative to polystyrene 
standards. 
26.3-
-5 3J . . -1 
0.3 7.6 14.9 22.3 29.6 36.9 
Minutes 
Figure 4.1. GPC chromatagrams of (a) MI-3c and (b) 24.2 x 103 g/mol triblock copolymer 
synthesized from MI-3c. 
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CHAPTER 5. GENERAL CONCLUSIONS 
In this dissertation, the synthesis of new functional materials was explored. Two 
routes were employed to design and produce new polymeric materials. A methodology was 
developed for the facile synthesis of coil-rod-coil block copolymers. Also new materials 
were deigned using structure property relationships. The polymerization chemistry of these 
new monomers was refined, and through improvements in the method, the properties of 
previously reported materials were enhanced. 
Interesting new materials were synthesized by the development of a methodology to 
synthesize chain end functionalized poly(2,5-benzophenone) in a short, simple process. The 
chain end functionalized polymers were used to initiate the atom transfer radical 
polymerization (ATRP) of styrene and methyl methacrylate to yield example triblock 
materials. These materials exhibited potential utility in the construction of distributed 
junction photovoltaics. These model triblock materials also showed large improvements in 
the mechanical properties over that of the coil homopolymer. 
To fully examine this materials use in photovoltaic applications, the processing 
conditions must be refined to maximize the performance of the device. To optimize the 
process it is suggested that first, thin films (approximately 100 nm) of the sulfonated triblock 
be spincoated on indium tin oxide or gold coated silicon wafers from a THF solution. After 
drying and annealing, the material is doped with sodium to form the benzophenone ketyl 
radical. This can be accomplished by submerging the coated wafer in a sodium dispersion 
bath in a solvent such as hexane. Alternatively, the polymer could be doped in solution by 
stirring it over sodium. A doped film could then be directly cast from solution. After doping 
87 
a layer of gold is then deposited to provide the top electrode. Due to the air sensitive nature 
of this process ideally all equipment, spin coater, vacuum oven, and vapor deposition 
chamber would be located in a glove box or other such inert atmosphere processing 
environment. Upon maximizing the performance of this system, modifications can be made 
by the use of polybenzophenone derivatives or the choice of a different hole conducting coil 
block. Moreover, the endcapping methodology could be extended to more highly conductive, 
more easily doped polythiophenes to synthesize new triblock copolymers (Figure 5.1). 
Figure 5.1. Proposed structure for improved triblock materials for photovoltaic applications. 
R = phenyl, thiophenecarbonyl, acetyl. 
Recently, it has been shown that in the presence of nucleophilic carbenes, alcohols 
initiate the polymerization of lactides and lactones (Scheme 5.1).1,2 Alcohol functionalized 
polybenzophenones can easily be synthesized by several routes. Polymer with aldehyde chain 
ends may be synthesized by the use of chlorobenzaldehyde as an endcapping agent. After 
reduction under mild conditions, an alcohol terminated telomer can be synthesized (Scheme 
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5.2). Alternatively, benzyl chloride functionalized macroinitiators could be reacted with 
sodium hydroxide to give an alcohol terminated material. A third route that could be 
employed is endcapping with 4-chloro-4'-fluorobenzophenone, followed by nucleophilic 
aromatic substitution with a large excess of a diol (Scheme 5.3). These hydroxy terminated 
macroinitiators could then be reacted under the carbene catalyzed polymerization conditions 
to form triblock materials of polyester (or polylactide) and polybenzophenone. Fibers 
formed from these materials should exhibit large improvements in strength compared to 
fibers of the corresponding polyester or polylactide. 
o 
R'OH 
Scheme 5.1. Catalytic cycle for the carbene mediated polymerization of esters.1'2 
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ci- -CI CI 
NiClg, Zn, 
O pph3, bipy 0 
JJ_H • h-U—<' 
THF, 60 °C 
° ABu,AICI 
Ether, 25 °C HO x=/ n OH 
Scheme 5.2. Benzyl alcohol terminated polybenzophenones from an aldehyde endcapping 
agent. 
NaOH 
Scheme 5.3. Conversion of benzyl chloride functionalized polybenzophenone chain ends. 
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HO 
X>H 
excess 
NaH, DMAc 
120 °C 
HO O O OH 
Scheme 5.4. Nucleophilic aromatic substitution at the polybenzophenone chain ends to yield 
alcohol terminated telomer. 
Nylon-6 can be polymerized from caprolactam in an anionic ring opening fashion to 
yield varying molecular weights of chain end functionalized polyamide. A number of 
techniques could be utilized to graft these Nylon blocks with chain end functionalized 
polybenzophenones. Endcapping with methyl p-chlorobenzoate, followed by hydrolysis 
would yield carboxy functionalized macromonomer. Reaction of this material with amine 
terminated Nylon-6 in the presence of DCC would lead to Nylon-6, poly(2,5-benzophenone) 
triblock copolymers. These materials would also be expected to exhibit high strength and 
have potential application as an improvement over Nylon-6 in the production mechanical 
parts and fibers. 
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HO-
O 
OH 
DCC 
J m 
Scheme 5.5. Synthesis of Nylon-6-b-poly(2,5-benzophenone)-/?-Nylon-6. 
Previous work has shown that many functional derivatives of the poly(2,5-
benzophenone) backbone can be synthesized. The endcapping chemistry presented here can 
also be employed in the polymerization to yield these derivatives. Copolymerization of 
fluoro functionalized (1) and hydroxy functionalized (2) (protected with a TMS or TBS 
group) (Figure 5.2) has yielded polyphenylene thermoset resins.1 Endcapping the homo- or 
copolymerization of either 1 and/or 2 followed by the triblock synthesis would yield 
versatile, functional materials. Triblock copolymers incorporating the thermoset rod block 
(copolymer of 1 and 2) could be cured to yield interpenetrating network (IPN) polymeric 
materials (Figure 5.3). The IPN could be cured in a mold or machined after curing to 
produce high strength, thermally stable mechanical parts. In addition functionalization of a 
triblock copolymer incorporating 1 or 2 with maleimides or acrylic acid derivatives could be 
used in the synthesis of poly(p-phenylene) nanoparticles (Figure 5.4). Careful solvent 
annealing under controlled conditions, followed by crosslinking with light and a 
photoinitiator, or heat would yield nanometer sized spheroids, rods, or sheets depending upon 
the morphology formed by the copolymer. Furthermore, these nano-particles should be 
soluble in many common solvents due to the coil blocks attached to the surface of the 
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particle. Particles such as these have potential uses as high aspect ratio nano-fillers, in nano-
structure self-assembly, and as solvent and temperature dependent sensors. 
1 
TBSO 
2 
Figure 5.2. Structures of 2,5-dichloro-4'-fluorobenzophenone ( l ) and TBS protected 2,5-
dichloro-4'-hydroxybenzophenone. 
HQ 
Figure 5.3. Example structure for IPN formation. 
ff 
MeO' 
Figure 5.4. Example structure for crosslinked nano-particle formation. 
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APPENDIX A. SUPPLEMENTAL DATA FOR CHAPTER 2. 
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1.00000 
70.00— 
60.00-^ 
50.00— 
40.00-
30.00-
20.00— 
10.00-
;  0 . 0 0  -
-10.0ft-
-20 -Oft-
-30.06-
-40.00^ 
-50.00-
-60 .00— 
-70.oe^ 
o.oo 
A r 
20.00 40.00 
Minutes 
GPC trace of Mil. 
115 
M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name: 
Sample Name : 
Vial: 
Injection: 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Edmund 
bgl04 6 
Sample Type : 
Volume : 
Run Time : 
1 
SATIN 
08/03/01 10:46:25 PM 
1.00000 
methodsetl 
Processing Method: northshore 
MP: 3278 Mn: 2447 Mir: 4465 Polydinperaity: 1.824745 
Broad Unknown 
300.00 
50 - 0 min 
Date Processed: 08/04/01 12:28:30 PM 
Dilution : 1.00000 
280.00 — 
260.00 — 
240.00 
2 2 0 . 0 0  —  
200.00 
180.00 
160.00  — 
| 140.00-
120.00 
100.00 
80.00 
60.00 — 
40.00 
20.00 
0 . 0 0  
—  
<c r» N 
h 
0 . 0 0  20.00 40.00 
GPC trace of MI2. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name: 
Vial : 
Injection: 
Channel : 
Date Acquired.: 
SampleWeight: 
Acq Meth Set : 
Sample Type: 
Volume : 
Run Time: 
Edmund 
eh3048 
1 
2 
SATIN 
05/30/01 03:05:12 PM 
1.00000 
methodsetl 
Processing Method: whitefishbay 
MP: 3263 Mn: 2861 tor: 4793 Polydispersity: 1.675205 
Broad Unknown 
300.00 
50.0 min 
Date Processed: 05/30/01 06:14:02 PM 
Dilution: 1.00000 
200.00 
180 .00  
160.00 — 
140.00 — 
120.00 — 
100.00 
80.00 — 
60.00 
40.00 — 
20.00 — 
0.00 — 
-20 .00— 
-40.00— 
0 . 0 0  20.00 40.00 
Minutes 
GPC trace ofMI3. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Edmund 
eh3081 
2 
1 
SATIN 
07/17/01 11:33:18 PM 
1.00000 
methodsetl 
Processing Method: whitefishbay 
MP: 5708 toi: 3307 Mw: 7015 Polydisporsity: 2.121595 
Project Name: 
Sample Name: 
Vial: 
Injecti on : 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Sample Type : Broad Unknown 
Volume: 300.00 
Run Time : 50.0 min 
Date Processed: 07/18/01 04 : 25 : 32 PM 
Dilution: 1.00000 
50.00-
40.00 — 
30.00-
20 .00 -
10.00 — 
0.00 — 
% 
-10.06-
-20.09-
-30.09-
-40.0ft-
-50.06-
-60.00-
0 .00  20.00 40. 00 
Minutes 
GPC trace of MI4. 
1 1 8  
M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project- Name: 
Sample Name : 
Vial: 
Injection: 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Edmund 
eh4008 
1 Sample Type: 
Volume : 
Run Time: 
Date Processed: 
Dilution: 
N 
•9* 
SATIN 
08/06/01 10:33:53 PM 
1.00000 
methodsetl 
Processing Method: northshore 
MP: 8350 Mn: 7889 My: 11266 Polydispersity: 1.426146 
260.00-
240.00— 
220.00-^ 
200.00  — 
180.00-
160.00 — 
140.00— 
120.00 — 
| 1OÛ.00-
80 .00  — 
60.00 
40.00 — 
20.00 
— 
0 . 0 0  
-20.00-
-40.00-
-60.00-
-80.00 —_ 
0 . 0 0  
Broad Unknown 
300.00 
50.0 mi ri 
08/07/01 09:33:41 AM 
1.00000 
20.00 40.00 
Minutes 
GPC trace of triblock copolymer from Mil. 
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M i l l e n n i u m  a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name: 
Vial: 
Injection : 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set. : 
Processing Method: 
Edmund 
eh3035 
1 
2 
SATIN 
03/29/01 0.3:01:04 AM 
.1,00000 
methodsetl 
whitefishbay 
Sample Type: 
Volume : 
Run Time: 
Broad Unknown 
300.00 
50.0 mi n 
Date Processed: 03/29/01 04:58:25 PM 
Dilution: 1.00000 
MP: 15263 Mn: 12140 Mw: 21085 Polydisperaity: 1.736796 
>-20 .06-8 
50.00 
40.00 — 
30.00 
20.00 
10.00— 
O.OO 
-10.0»-
30.06-
-40.09-
50.06-
60.06-
70.09-
80.06-
90.06-
2 0 . 0 0  0.00 40.00 
GPC trace of triblock copolymer from Mil. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name: 
Vial: 
Injection: 
Channel : 
Date Acquired: 
SampleWeight, : 
Acq Meth Set : 
Processing Method: 
Edmund 
eh4004 
1 
2 
SATIN 
08/04/01 11:00:55 PM 
1.00000 
methodsetl 
northshore 
Sample Type: 
Volume : 
Run Time: 
Date Processed: 
Dilution: 
Broad Unknown 
300.00 
50.0 min 
08/05/01 09:20:53 AM 
1.00000 
MP: 12319 Mn: 12946 Mw : 16667 golydigpersity : 1.287438 
260.00-
240.00-
220-00-
200.00— 
180.00-^ 
160.00 
— 
140.00-2 
120.00 — 
100.00 — 
I 80.00 — 
60.00 
40.00 — 
2 0 - 0 0  
0 - 0 0  —  
-20 .00  — 
-40.00-
-60.00 
— 
-80.00-
T 
-100.06-
0 ,00  
n 1 , 
20.00 
Minutes 
40.00 
GPC trace chromatagram of triblock copolymer from Mil. 
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M i l l e n n i u m  a m p l e  I n f o r m a t i o n  
Project Name: 
Sample Name : 
Vial : 
Injection: 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Met.h Set : 
Edmund 
eh3Q94 
Sample Type: 
Volume : 
Run Time: 
3 
SATIN 
07/29/01 06:52:48 PM 
1.00000 
methodsetl 
Processing Method:- northshore 
MP: 2B17B Mn: 18968 Mw; 35399 Polydispersity: 1.866240 
Broad Unknown 
300.00 
50.0 min 
Date Processed: 07/30/01 03:51:24 PM 
Dilution: 1.00000 
120.00 
100.00 
80.00  — 
60.00 — 
40.00 
I 
2 0 . 0 0  
0 . 0 0  
-20.00 
-40.00 — 
-60 .00  — 
0 .00  20.00 
Minutes 
1 r 
40.00 
GPC trace of triblock copolymer from Mil. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name: Edmund 
Sample Name : eh4 005 
Vial : 2  Sample Type : Broad Unknown 
Injection: 1 Volume: 300.00 
Channel: SATIN Run Time: 5 0.0 min 
Date Acquired: 08/04/01 11:54:47 PM Date Processed: 08/05/01 09:21:44 AM 
SampleWeight. : 1.00000 Dilution: 1.00000 
Acq Meth Set: metbodsetl 
Processing Method: northshore 
MP: 10037 Mn: 8004 MM: 12602 Polydispersity: 1.574541 
260.00 — 
240.00 
220.00— 
200.00 
180.00 
160.00— 
140.00 
o 
100.00— 
80.00 
60.00 
40.00 
20.00 
0 . 0 0  
- 20 .00  —  
-40.00 — 
0 .00  2 0 . 0 0  40.00 
Minutes 
GPC of triblock copolymer from MI2. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Date Acquired 
SampleWeight: 
Acq Meth Set: 
Project Name: 
Sample Name: 
Vial: 
Injection: 
Channel: 
Edmund 
ehlOlj 
3 
1 
SATIN 
08/09/01 09:26:38 PM 
1.00000 
methodsetl 
Sample Type : 
Volume : 
Run Time: 
Date Processed: 
Dilution: 
Broad Unknown 
3 0 0 . 0 0  
50.0 min 
08/10/01 08:27:05 AM 
1.00000 
Processing Method: nozthshore 
MP: 47730 Mn: 41994 Mw: 64429 Polydisparaity: 1.53*269 
400.00— 
350.00 — 
300.00 — 
250.00 — 
200.00— 
fi 
150.00 — 
100.00— 
o m 
r-10 
» 
50.00 
m (N 
0 . 0 0  
-50.00— 
0. 00 20.00 40.00 
Minutes 
GPC of triblock copolymer from MI2. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name: 
Vial: 
Injection; 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set: 
Edmund 
eh 3 0 7 4 
2 
1 
SATIN 
06/20/01 10:57:58 PM 
1.00000 
methodsetl 
Processing Method: whitefishbay 
MP: 32879 Mu: 34632 Mv: 60200 Polydispersity: 1-738290 
Sample Type: 
Volume : 
Run Time: 
Date Processed: 
Dilution: 
Broad Unknown 
300.00 
50.0 min 
06/21/01 10:09:02 AM 
1.00000 
700.00 — 
600.00 — 
500.00 — 
400.00 — 
| 300.00 — 
200 .00 -
100.00-
0 .00  — 
-100.06-
0 .00  20.00 40.00 
Minutes 
GPC of triblock copolymer from MI3. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name: 
Vial : 
Injection: 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Edmund 
eh307 6 
4 
1 
SATIN 
06/21/01 12:45:24 AM 
1.00000 
methodsetl 
Processing Method: whitefishbay 
MP: 71158 Mn: 55740 My: 117064 Polydispersity: 2.100202 
Sample Type: Broad Unknown 
Volume: 300.00 
Run Time: 50.0 min 
Date Processed: 06/21/01 10:09:53 AM 
Dilution: 1.00000 
700.00—r 
600.00— 
500,00-
400.00— 
300.00 
i 
200.00-
100.00— 
0 .00  
-100.06-
a> 
IT) 
o 
o m 
1/1 r 
i i—i |—i—i—i—]— 
0.00 20.00 40.00 
Minutes 
GPC of triblock copolymer from MI3. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name : 
Vial: 
Injection: 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Edmund 
eh.3067 
Sample Type: 
Volume : 
Run Time: 
Dilution: 
1 
SATIN 
06/11/01 04:37:47 PM 
1.00000 
methodsetl 
Processing Method: whitefishbay 
MP: 15652 Mn: 15131 Mv: 20176 Polydispersity: 1.333445 
120.00 
Broad Unknown 
300.00 
50.0 min 
Date Processed : 06/11/01 09:11:25 PM 
1.00000 
100. 00 — 
80.00 — 
60.00 
40.00 — 
20.00 — 
-20.00— 
40.00 — 
-60.00 
—80.00— 
-100.08-
0 . 0 0  20.00 40.00 
Minutes 
GPC of triblock copolymer from MI3. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name ; 
Vial : 
Inj action : 
Channel: 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Edmund 
eh3075 
3 
1 
SATIN 
06/20/01 11:51:42 PM 
1.00000 
methodsetl 
Processing Method : whitefishbay 
MP: 21615 Mn: 23825 Mw: 29075 Polydispersity: 1.220357 
Sample Type: 
Volume : 
Run Time: 
Date Processed : 
Dilution : 
Broad Unknown 
300.00 
50.0 miri 
06/21/01 10:09:21 AM 
1.00000 
800.00 — 
700.00 — 
600.00-
500.00-
400.00— 
1) 
300-00 — 
200.00 — 
1 0 0 . 0 0 —  
0.00 — 
-100.06-
0 . 0 0  20.00 40.00 
GPC of triblock copolymer from MI3. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name: 
Vial: 
Injection: 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Edmund 
eh4C14 
4 
1 
SATIN 
08/09/01 10:20:21 PM 
1.00000 
methodsetl 
Processing Method : northshore 
MP: 36624 Mn: 34616 Mw: 45811 Polydiaparsity: 1.323413 
Sample Type : Broad Unknown 
Volume : 300.00 
Run Time: 50.0 rain 
Date Processed: 08/10/01 08:27:26 AM 
Dilution : 1.00000 
240.00— 
220.00-
200.00 — 
180.00 — 
160.00-
140.00 — 
120.00-
100.00-
80.00 — 
60.00 — 
40.00 — 
2 0 . 0 0  —  
0.00 — 
-20 .00 -
-40.00-
- 6 0 . 0 0 —  
" "  
0 . 0 0  20.00 40.00 
Minutes 
GPC of triblock copolymer from MI4. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name : 
Sample Name: 
Vial: 
Injection : 
Channel : 
Date Acquired: 
SampleWeight: 
Acq Meth Set : 
Processing Method: 
Edmund 
eh4 010 
3 
1 
SATIN 
08/07/01 12:21:28 AM 
1.00000 
methodsetl 
northshore 
Sample Type : 
Volume : 
Run Time: 
Date Processed: 
Dilution : 
Broad Unknown 
300.00 
50.0 mm 
06/07/01 09:34:21 AM 
1.00000 
MP: 35021 Mn: 35952 Mw. 44460 Polydispersity: 1.236654 
280.00-
260.00-
240.00 — 
220.00-: 
2 0 0 - 0 0  
—  
180.00-
160.00 — 
140.00-
120.00 — 
% — 6 100.00 — 
80.00  
60.00 — 
40.00 — 
20 .00  
0 . 0 0  
-20 .00  — 
-40.00-
—60.00— 
-80.00— _ 
0 . 0 0  
(\ (V 
20.00 40.00 
Minutes 
GPC of triblock copolymer from MI4. 
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GGAGEPR: 
@HR 
mmuM KMNMNMMKNMIRN0NMR 
»al!*2MM0NM0NNW#*S# EiiÉ!ÂW^Ê0#Êm8k 
MM 
TEM micographs of polystyrene-/?-polybenzophenone-6-polystyrene with 2.4 x 103 g/mol 
rod blocks, a, 5.0% by volume rod block; b, 6.5% by volume rod block; and c, 27.4% by 
volume rod block. 
ÉPII SBS«~* 
MAMM# BHKHKHI 
TEM micrographs of 25/75 blend of 3.3 x 103 g/mol polybenzophenone with 17 x 103 g/mol 
polystyrene, before, a, and after, b, annealing at 180 °C for 48h. 
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I 55.27 
54 
I 53 
CL 
O  
c 
I X 
51 
50 
49 
47.97 
68.7 
Inflection Point = 138.536 "C 
Delta Cp = 0.405 J/g#°C 
100 120 140 
Temperature (°C) 
160 180 188.", 
DSC of Mil. 
I 41.94 
41 -
0 40 H T3 
C 
LU 
§ 
iZ 39 4 
1 
x 
38 
93.57 100 
DSC of MI2. 
Delta Cp = 0.496 J/g*°C 
Inflection Point = 149.225 °C 
120 140 
Temperature (°C) 
160 181 f. 
132 
.83 
53 
Inflection Point = 159.883 "C 
Delta Cp = 0.359 J/g*"C 52 
51 
50 
49 
48.65 
150 
Temperature (°C) 
200 70.84 100 
DSC of MI3. 
.58 
.0 
47.5 Delta Cp = 0.365 J/g,nC 
Inflection Point = 156.221 °C 
47.0 
46.5 
46.0 
45.0 
44.63 
72.98 100 150 200 234.: 
Temperature (°C) 
DSC of MI4. 
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40.8 
40.5 
Delta Cp = 0.340 J/çf°C 
Inflection Point = 104.870 °C 
40.0 
LU 
U_ 
39.5 
38.95 
160 180 65.87 80 120 140 208. t 100 
Temperature (°C) 
DSC of triblock copolymer from Mil. 
48.0 -
-| 47.: 
CL 
C 
LU 
Delta Cp = 0.279 J/g^C 0 46.5 -
u_ 
1 
x 46.0 -
Inflection Point = 106.870 "C 
45.5 -
45.29 -
73.04 100 120 140 160 180 200 209.: 
Temperature (°C) 
DSC of triblock copolymer from Mil. 
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43.2 
42.5 
Inflection Point = 156.203 "C 
Delta Cp = 0.035 J>'g*"C 42.0 
C L  
Inflection Point = 102.538 "C 
Delta Cp = 0.233 J/çfC 
41.5 
41.0 
40.0 
39.5 
39.22 
71.4 80 100 120 140 160 180 206.' 
Temperature (°C) 
DSC of triblock copolymer from MI2. 
27.67 
27.5 
27.0 
Inflection Point = .413 °C 
Delta Cp = 0.223 J/g,nC 
26.5 
26.0 Inflection Point = 152.404 °C 
Delta Cp = 0.049 J/g*"C 
.5 
25.09 
77.9 100 120 140 160 180 190.2 
DSC of triblock copolymer from MI2. 
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I 51.06 , 
50 -
g:- 48 
I 46 4 
O 
E 
LL, 44 
% 42 -I Œi 
X 
40 
38.14 
Inflection Point = 104.867 "C 
Delta Cp = 0.372 J/g*°C Inflection Point = 128.540 °C 
Delta Cp = 0.053 J/g*°C 
67 80 100 120 140 
Temperature (°C) 
DSC of triblock copolymer from M13. 
160 180 206.; 
2.18 
42.0 
Inflection Point = 151.866 °C 
Delta Cp = 0.023 J/gt0C 41.5 
Inflection Point = 111.535 °C 
Delta Cp = 0.169 J/g*°C 41.0 
40.5 
40.0 
39.38 
70.37 80 100 160 180 209.: 120 140 
DSC of triblock copolymer from MI3. 
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45.52 
45.4 
Inflection Point = 106.871 
Delta Cp = 0.248 ,i/g*"C 5.0 
44.8 
Inflection Point = 151.865 °C 
Delta Cp = 0.038 J/g#°C 44.6 
44.4 
44.06 
120 180 69.56 80 100 140 
Temperature ("' 
160 
DSC of triblock copolymer from MI4. 
42.19 
Inflection Point = 100.369 "C 
Delta Cp = 0.235 J/g*"C 
Half Cp Extrapolated = 147.906 
Delta Cp = 0.019 J/g*°C 
CL 
m 
s 
c 
UJ 
41.0 
o 
i 40.5 (C 
40.0 
39.64 
35.67 60 80 100 120 140 160 180 191.: 
Temperature (°C) 
DSC of triblock copolymer from MI4. 
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21.99 
21 
20 
19 Delta Cp = 0.132 J/g1DC 
Inflection Point = 252.174 "C 
18 
17 
16.24 
200 250 79.79 100 150 
Temperature (°C) 
DSC of the sodium salt of the sulfonated triblock copolymer. 
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APPENDIX B. SUPPLEMENTAL DATA FOR CHAPTER 3. 
139 
T.|' Tf f n 
: K  
7.8 7.7 7.6 7.5 7.4 
" 
1 I I "I 
7.2 7.1 ppm 
y k y ix, y k 
' H N M R  o f  M 2 .  
140 
Current. Data Parameters 
NAME EH1C99 
EXPNO 1 
PROCNO 1 
... -r-
180 160 140 100 
—I— 
2 0  
13C NMR of M2. 
141 
I ' i — | | | i—-
9 8  7  6 5 4 3 2 1  p p m  
'H NMR of polymer from M2. 
142 
r- ro in m ro m ui n a: -ï (N oo ci o « m 
VD OHN 'û o i-in in o o ^ H o oi i- 10 -y 
m romoimrNO^DOComcorooLnmcrx 
t-- COrlOOOlITihhVOlOinin^fOlNlH 
Current Data Parameters 
NAME EI14Û19 
EXPNO 2 
PROCNO 1 
WilAw, 
180 160 100 
C NMR of polymer from M2. 
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Current Data Parameters 
NAME 
EXPNO 
PROCNO 
ehl05 3m.fid 
ppm 
r •- -r-r-T-T-,-r , | r-rrrm-pr, . . . . — | , H" 
'HNMR of M3. 
144 
<N L/l H CO n IT) ( 
ri VO h CO H H ( 
rn ai co n co ' 
'( 
Current Data Parameters 
NAME DQ1009 
EXPNO 1 
PROCNO 1 
L4 
1— 
200 180 160 140 1 2 0  100 
— r -
80 40 
C NMR of M3. 
145 
<-i Ci vT> r*i ni O CO I -
co m m o <y\ oi u; (.5 CO 
r- r- vr> *xi r*i cn (-• 
c - r-- R-- r- r- r- <O VD 
4#J^ 
STANDARD 1H OBSERVE 
Current" Da ha Parameters 
NAME DA124.fid 
EXPNO 1 
PROCNO 1 
I I "r^l ' ' ' ' I ' ' ~*- ' I ' 1 ' ' i '-••—-1-r-y ! -• 1 . . I I | ' ' ' ' | ' ' . . | • ' ' • —7—" 
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4,5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 PP 
*H NMR of polymer from M3. 
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Current Da 
NAME 
EXPNO 
PROCNO 
Parameters 
E1I104 8 1 1 
2 0 0  160 120 100 80  
C NMR of polymer from M3. 
147 
VÏ o r- CN CM EU <H in i-I <X> ^ en r- m t»> RO R- H O> m f. OI o «,O 
CC OJ o U> OÏ M U*I M <-N (N RI o o H o OW H O co H) «£ >-O M IT> <J' 
co œ ro [- r- ip w vo K) ix) ^  sf -j1 T t*i n M PI M fi 
Data Parameter G 
ehlOÏ'A . fid 
Current 
NAME 
EXPNO 
PROCNO rf 
7 .2 ppm 
*4>| 
I ~'T . T-rrrm-p-T-r. | T" '"T™ ™ ' 'I I I H ~" 
11 1 0 9 8 7 6 5 4 3 2 1 0 -1 ppm 
' H N M R  o f  M 4 .  
148 
Current Data 
NAM1C 
EXPNO 
PROCNO 
Parameters 
EHBENZO 1 1 
200 160 120 
—r 
100 80 40 2 0  0 ppm 
C NMR of M4. 
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Current Data Parameters 
eh405u .fid NAME 
EXPNO 
PROCNO 
J 
I I I I I I 1 ' ' ' 1 ' r— 
9 8 7 6 5 4 3 2 1  p p m  
'H NMR of polymer from M4. 
150 
<n ui r- i 
rO "J 1 (N C r 
m r ; co o co ( 
CurrenL Data Parameters 
NAME EH4051 
EXPNO 2 
PROCNO 1 
220 200 180 1 GO 140 120 1 00 80 60 40 20 ppm 
C NMR of polymer from M4. 
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Ch Oi ai O C7ï 
r~ [-• r- r- r-
(•! o sf inro h r rs (-J fi "J ci\ in i- c-3 m ai 
r- U; m '.F FI (\) H o co KD rt o O TTI N) f- N' CN in 
ko u; ^ i£i yj vû U) ^ m iinrnii UT in ^ n n n (N 
Current 
NAME 
EXPNO 
PROCNO 
Darn Parameters 
dol009a.fid 1 1 
' H N M R  o f  M 5 .  
152 
in co m c \—i o 
wi <o ca TM m i.r> 
h C5 ri o 
pROCrJO 
Dalci Pdt I"f. 
UAl-r)5'.-. fid 
C N M R  o f  M 5 .  
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Current Data Parameters 
dc>102*7 .fid NAME 
EXPNO 
PROCNO 
i ' ' ' ' —-r i i i i h— i —• i - r * • 
9 8 7 6 5 4 3 2 1  p p m  
'H NMR of polymer from M5. 
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u"i M en o in r-- H n m r-
o m en <N ^ r- <d ni ai, ci co 
LO «.o r-! a> o> n vc "sj« vr> <Ti <x> V- VN U") U") r-l H r-IO IN m H o œ «.o 
r- r*> <r> vi r-« v.u (N 
Current. 
NAMK 
EXPNO 
PROCNO 
Data Parameters; 
UÛ1034 1 1 
JlllL 
~T~ 
2 0 240 220 200 180 160 140 120 100 80 60 40 
C NMR of polymer from M5. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name: Edmund 
Sample Name : eh4 015 
Vial: 1 Sample Type : 
Injection: 2 Volume: 
Channel: SATIN Run Time: 
Date Acquired: 08/12/01 01:37:56 PM 
SampleWe.ight ; ] ,00000 Dilution : 
Acq Meth Set: methodsetl 
Processing Method : northshore 
MP: 95* Mn: 831 MM: 1317 Pplydiapersity: 1.504318 
Broad Unknown 
300.00 
50. 0 niLrt 
Date Processed: 08/12/01 02:29:08 
1.00000 
0.00 a*, oo 
Minutes 
44.00 
GPC trace of polymer from M2 made in anisole. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name: Edmund 
Sample Name: eh4 018 
Vial; 1 Sample Type: 
Injection: 2 Volume: 
Channel: SATIN Run Time: 
Date Acquired: 08/20/01 01:50:43 PM 
SampleWeight. : 1.00000 Dilution: 
Acq Met.h Set: methodsetl 
Processing Method: northshore 
MP: 942 Mn: 665 Mw: 1082 Polydispersity: 1.625854 
Broad Unknown 
300.00 
50.0 min 
Date Processed: 08/20 /01  02:59:37 PM 
1.00000 
110.00-
100.00-
90.00 -
80.00 -
70.00 -
60.00 — 
„ 50 .00 — 
40.00 
30.00 
— 
20.00 
10.00 
0 .00  
— 
-10.00-
0 .00  40.00 
GPC trace of polymer from M2 made in anisole. 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project: Name : 
Sample Name*. 
Vial: 
Injection: 
Channel : 
Daté Acquired: 
SampleWeight : 
Acq Meth Set: 
Processing Method: 
Paul99 
ehl009 
4 
1 
410 
0 2/25/99 06:10:34 AM 
1.00000 
meth_s£tl 
Durham 
Sample Type: 
Volume : 
Run Time: 
Date Processed : 
Dilution : 
Broad Unknown 
300.00 
50.0 min 
02/26/99 02:23:57 
1.000OÙ 
MP: 1565 Mw: 2138 Mn: 1349 Polydispersity: 1.585142 
Retention Time : 35 .800 
400.00 
350.00 
300.00 
250 .00 —I 
g 150.00 — 
100.00 
50.00 
0  . 0 0  
-50.00 — 
-100 .00^ 
2 0 . 0 0  30.00 40.00 
Minutas 
GPC trace of polymer from M3 made in DM Ac (72h). 
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M i l l e n n i u m  S a m p l e  I n f o r m a t i o n  
Project Name: 
Sample Name: 
Vial: 
Injection: 
Channel: 
Date Acquired: 
SampleWeight: 
Acq Meth Set: 
Processing Method: 
Eaul99 
ehl025 
1 
2 
410 
05/25/99 02:37:40 PM 
1.00000 
meth_3etl 
Trout 
Sample Type: 
Volume: 
Run Time: 
Date Processed: 
Dilution: 
Broad Unknown 
300.00 
50.0 min 
05/26/99 07:41:51 AM 
1.00000 
MP: 726 Mir: 3218 Mn: 1704 Polydiepereity: 1.888071 
Retention Time: 37.050 
30.00— 
20.00— 
10.00 — 
O.OO 
-50.09-
2 0 . 0 0  40.00 30.00 
Minutes 
GPC trace of polymer from M3 made in DM Ac (24h). 
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Cirrus GPC Sample Injection Report sample injection Report 
Generated by: sheares Wednesday, June 18, 2003 2:22 PM 
Workbook: C:\Cirrus WorkbooksUJItimate GPC 2\UlteTiate GPC 2.plw 
Sample Details 
Sample Name: do 124 
Acquired: 6/18/03 2:08:20 PM By Analyst: sheares 
Batch Name: David 
Filename: C:\Cirrus WorkbooksUJItimate GPC 2Vdavid-QOQ4.cgim 
Calibration Used: 3/18/03 5:41:15 PM 
MW Averages 
Peak No Mp Mn Mw Mz 
1 2694 2150 4399 7796 
Processed Peaks 
Peak No Start RT Max RT End RT 
(mins) (mins) (mins) 
1 25.28 29.48 33.73 
Mz+1 Mv PD 
11062 3976 2.04605 
Pk Height Area 
(mV) (mV.secs) 
22.0308 6186.91 
Lmt 
500-
400-
•1c6 
? 250-
100— 
50-
0-
,1«2 
-100-
-150-
0 2 4 6 B 10 12 14 16 IS ra 22 24 26 26 30 32 34 36 38 40 42 44 46 4S 50 52 54 56 56 60 
Retention Time 
GPC trace of polymer from M3 made in THF. 
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M i l l e n n i u m  S a m p l e  I n f o r m â t  
Project Name : 
Sample Name: 
Vial: 
Injection : 
Channel : 
Date Acquired: 
SampleVieight : 
Acq Meth Set : 
Processing Method: 
Edmund2 
eh4051 
3 
1 
SATIN 
04/22/02 10:41:28 PM 
1.00000 
methocisetl 
Thunderbay 
Sample Type: 
Volume : 
Run Time: 
Date Processed : 
Dilution : 
Broad Unknown 
300.00 
50.0 min 
04/23/02 11:25 
1.00000 
MP: 108885 Mn: 55616 Mw: 142B10 Polydispersity: 2.567782 
90.00 
80.00— 
70.00 
60.00 
50.00 — 
« 0 . 0 0  
2 0 . 0 0  
10.00 
0 . 0 0  
-30.06-
•40.00-
0.00  20,00 40.00 
Minutes 
GPC trace of polymer from M4 made in THF. 
1 6 1  
Cirrus GPC Sample Injection Report sample Injection Report 
Generated by: sheares Wednesday, June 18,2003 2:25 PM 
Woikbook: C:\CirnisWorkbooks\Ultimate GPC 2\Ultimate GPC 2.plw 
Sample Detail» 
Sample Name: dot 27 
Acquired: 6/18/03 2:08:20 PM By Analyst: sheares 
Batch Name: David 
Filename: C:\Chnis WorkbooksMJItimate GPC 2Vdavid-0006 cgrm 
Calibration Used: 3/18TO3 5:41:16 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 1524 1496 1851 2284 2734 1790 1,2373 
Processed Peaks 
Peak No Start RT 
(mins) 
1 28.15 
Max RT End RT 
(mins) (mins) 
30.68 32.80 
Pk Height Area 
(mV) (mV.secs) 
5.89538 881.156 
200-
i i r 
38 40 «2 44 
i i r 
0 10 12 
i——r~r 
14 16 18 20 
—i—i—r 
24 26 28 30 32 34 
Retention Time 
V f I T 
50 52 54 56 58 60 
GPC trace of polymer from M5 made in THF. 
162 
0.05 
0.045 
0.04 
u 0.035 
% 0.03 
o 0.025 
u 
^ 0.02 
0.015 
0.01 
0.005 
0 
1076 
y = -0.0016x +0.0197 
y = -0.0016x + 0.0193 
•In nrel/c 
•nsp/c 
"Linear(In nrel/c) 
•Linear(nsp/c) 
2 4 6 
Conc. (mg/ml) 
Intrinsic viscosity of polymer from M2 made in DMAc. 
& 
c 
o 
o 
£ 
c 
0.05 
0.045 
0.04 
0.035 
0.03 
0.025 
0.02 
0.015 
0.01 
0.005 
0 
2084 
y = 0.0005x +0.0118 
y = 0.0004x + 0.0119 
•nrel/c 
-nsp/c 
"Linear (nrel/c) 
•Linear (nsp/c) 
2 4 6 
Concentration (mg/ml) 
Intrinsic viscosity of polymer from M2 made in THF (4h). 
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4012 
& 
C 
0 
s 
1 
c 
0.05 
0.045 
0.04 
0.035 
0.03 
0.025 
0.02 
0.015 
0.01 
0.005 
0 
y = -0.0022X + 0.0272 
y = -0.0023x + 0.0278 •nrel/c 
-nsp/c 
•Linear (nrel/c) 
•Linear (nsp/c) 
Concentration 
Intrinsic viscosity of polymer from M2 made in (24h). 
0.03 
o 0.029 
0.028 
0.027 
0.026 
0.025 
2 
c 
_c 
0 
1 
c 
0.024 
eh4069 
y = 0.0008x + 0.0232 
y = 0.0003x + 0.0235 
4 6 
conc (mg/ml) 
4—nsp/c 
— In nrel/c 
Linear (In nrel/c) 
--- Linear (nsp/c) 
10 
Intrinsic viscosity of polymer from M2 made in THF (12h). 
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eh4051 
0.3 
u 0.25 
0.2 
0.15 
0.1 
0.05 
0 
£ 
c 
_ç 
L_ 
0 
1 
g 
o 
y = 0.0151x +0.1548 
-f— I H 
y = -0.0015x +0.1601 
2 4 6 8 
conc (mg/ml) 
-+—In nrel/c 
— nsp/c 
— Linear (nsp/c) 
— Linear (In nrel/c) 
Intrinsic viscosity of polymer from M4 made in THF. 
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Method file 
Information 
Data File 
<untitled> 
Default Method 
C:\HPCHEM\1\DATA\EH107 6.SD 
14 =29:01 
Created : 11/13/01 
Overlaid Spectra: 
1.2-
\ 
1 \ 
S 
s 
1 
0.8 
0.6 v CO |*Ï2 
< 0 4 -
0.2 
co| 
] 
n 
300 350 400 450 500 550 600 
i 
Wavefenoth fnml 
# Name Peaks(nm) Abs(AU) Valleys(nm) Abs(AU) 
1 412.0 0.56679 378.0 0.55629 
2. * ** *** * * * * * * 
2 * * * * * •* *-** * * * 
UV-vis of polymer from M2 made in DMAc. 
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Overlaid Sample Spectra 
Wavelength (nml 
Sample/Result Table 
# Name Peaks(nm) Abs(AO) Valleys(nm) Abs(AU) 
1 eh4 015 
1 
1 
3 0 2 . 0  
418.0 
6 5 6 . 0  
0.91048 
0 . 3 5 6 9 9  
.6517E-3 
168.0 
706.0 
622.0 
-1.1139E-3 
-4 .7302E-4 
2.5787E-3 
UV-vis of polymer from M2 made in anisole. 
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Method file 
Information 
Data File 
<untitled> 
Default Method 
C:\HPCHEM\1\DATA\EH4018.SD 
14:49:47 
Created : 11/13/01 
Overlaid Spectra: 
wavelength (run) 
# Name Peaks(nm) Abs(AU) Valleys(nm) Abs(AU) 
1 414.0 0.45636 362.0 0.41959 
2_ *-*•*• * * * * * * •*•*-*• 
1  * * * * * * * * * *** 
UV-vis of polymer from M2 made in anisole. 
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Overlaid Sample Spectra 
09 
0.6 
0.7 
0.6 
o 0.5 
04 
0.3 
0.2 
500 600 400 200 300 
Sample/Result Table 
# Name 
1 eh4011 
1 
1 
Peaks(nm) Abs(AU) 
450.0 0.45798 
656.0 7.9300E-2 
Valleys(nm) Abs(AU) 
366.0 0.36690 
* * * * * * 
* * * 
UV-vis of polymer from M2 made in THF. 
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Overlaid Sample Spectra 
.a 
400 500 600 
Sample/Result Table 
# Name 
Wavelength Inml 
Peaks(nm) Abs(AU) Valleys(nm) Abs(AU) 
1 eh4012 
1 
1 
300.0 
452 .0 
* * * 
0.80505 
0.44246 
* * * 
362.0 
* * * 
* * * 
0.31847 
it -k ~k 
UV-vis of polymer from M2 made in THF. 
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Overlaid Sample Spectra 
Wavelength (nml 
Sample/Result Table 
# Name Peaks(nm) Abs(AU) Valleys(nm) Abs(AU) 
1 1009 268.0 0.78621 796.0 1.1597E-3 
1 310.0 0.55615 784.0 3.5B58E-3 
1 706.0 1.7563E-2 774.0 4.0741E-3 
UV-vis of polymer from M3 made in DMAc. 
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Overlaid Sample Spectra 
0.7-
18 
0.5 
0.4 
0.2 
0.1 
200 40O 500 600 300 Wavelength (nml 
Sample/Result Table 
# Name Peaks(nm) Abs(AU) Valleys(nm) Abs(AU) 
1 1025 268.0 0.83101 796.0 4.1351E-3 
1 350.0 0.54727 774.0 7.3395E-3 
1 706.0 2.1912E-2 738.0 9.5673E-3 
UV-vis of polymer from M3 made in DMAc. 
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Overlaid Sample Spectra 
—r—'—•——r™^ —'—'—r~~i—'—'—'—'—i—'—'—'—'—i—1—1—'—'—r~~ 
250 300 350 400 450 Wavelength fnrol 
Sample/Result Table 
# Name Peaks(nm) Abs(AU) # 
1 D0112 2 7 0 . 0  0.54231 2 
1 344 . 0 0.53578 2 
1 656.0 2 .4933E-2 2 
1 * * * * * * 3 
1 * * * * * * 3 
1 * * * * * * 3 
2 D0117 3 6 6 . 0  0.51939 3 
2 656. 0 6 .6376E-3 3 
2 * * •*• * 3 
UV-vis of polymers from M3 made in THF. 
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4  i Y 2  =  1 0 0 . 0 7 2  %  
90 
Delta X = 364.0: 
X1 = 391.187 °C 
Y1 = 90.000 % 85 
80 
73.54 
300 
Temperature (°C) 
400 500 597.: 24.08 100 200 
TGA of polymer from M2 made in DMAc. 
100.1 
95 
90 
Delta X = 447.397 dC 
XI = 480.414 °C 
Y1 = 90.0000 % 
85 
80 
75 
71.35 
32.57 100 300 200 400 500 620 .f 
Temperature (°C) 
TGA of polymer from M2 made in THF. 
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100.1 
90 - 468.876 "C Delta 
Y1 = 90.0000 % 
75.55 
23.78 100 200 300 400 500 626.: 
Temperature (°C) 
TGA of polymer from M2 made in THF. 
100.2 
Delta X = 341.846 "C 
X1 =368.156 °C 
Y1 = 90.0000 % 
59.15 
23.2 1 00 200 300 400 500 627.( 
Temperature (°C) 
TGA of polymer from M2 made in anisole. 
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100.03 i 
Delta X = 346.220 
£ 
f 
XI =386.513 °C 
VI = 90.0000 % 
55.33 
39.86 100 200 300 400 500 596.", 
Temperature (°C) 
TGA of polymer from M2 made in anisole. 
100.09 
Delta X = 355.233 °C 
XI = 381.801 °C 
Y1 = 90.0000 % 
61.59 
23.5 100 200 300 400 500 618 
Temperature (°C) 
TGA of polymer from M3 made in DMAc. 
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100.05 
Delta X = 400.520 "C 
XI = 433.882 °C 
Y1 = 90.0000 % 
£ tn 
50.51 
32.29 100 200 300 400 500 620 
Temperature (°C) 
TGA of polymer from M3 made in THF. 
100.3 
98 
96 
Delta X = 541.718 "C 94 
92 
90 1 = 90.0000 % 
86 
66.59 
100 33.7: 200 300 500 600 653.' 400 
Temperature (°C) 
TGA of polymer from M4 made in THF. 
177 
100.01 
Delta X = 483.857 "C 
XI = 533.894 "C 
Y1 = 90.000 % 
ft 
I 
50.03 100 200 300 400 500 606 
Temperature (°C) 
TGA of polymer from M5 made in THF. 
24.18 
.5 !3 
Inflection Point = 134.546 "C 
Delta Cp = 0.067 J/g'"C 23.0 
22 .5 
22.0 
21.5 
20.86 
101 140 120 160 184 
Temperature (°C) 
DSC of polymer from M2 made in DMAc. 
178 
60 
Inflection Point = 149.212 
Delta Cp = 0.428 J/g"C 
50 
45 
41.56 
67.42 100 150 200 233.S 
Temperature (°C) 
DSC of polymer from M2 made in THF. 
66.9 
65 
60 -
50 -
44.17 
69.77 
Inflection Point = 135.215 °C 
Delta Cp = 0.520 J/g*°C 
II 
100 150 
Temperature (°C) 
DSC of polymer from M2 made in THF. 
200 233. S 
179 
.36 
50 
Half Cp Extrapolated = 95.589 °C 
Delta Cp = 0.381 J.'gs"C 
45 
40 
37.78 
66.41 100 150 200 
Temperature (°C) 
DSC of polymer from M2 made in anisole. 
52.58 
50 
Inflection Point = 92.210 °C 
45 
Delta Cp = 0.334 J/g*°C 
40 
34.18 
67.8 100 150 
Temperature (°C) 
200 233 .i 
DSC of polymer from M2 made in anisole. 
180 
37.00: 
E 
E 
Q. 
=• 
LU 
Inflection Point = 100.881 °C 
Delta Cp = 0.240 
o 
Ll_ 
ta 
0.1 
X 
30.25 
66:19 100 150 200 234: 
Temperature (DC) 
DSC of polymer from M3 made in DMAc. 
101.5 
Half Cp Extrapolated = 142.993 °C 
Delta Cp = 0.239 J/g*"C 
120 140 160 
Temperature (°C) 
DSC of polymer from M3 made in THF. 
180 196: 
181 
.25 
41.0 
40.5 
Delta Cp = 0.080 J/g"C 
Inflection Point = 181.200 "C 
40.0 
150 234.' 100 200 72.02 
T emperature (°C) 
DSC of polymer from M4 made in THF. 
I 32.81 
108 
Inflection Point = 136.214 "C 
Delta Cp = 0.044 J/g*°C 
120 130 140 150 
Temperature (°C) 
DSC of polymer from M5 made in THF. 
160 170 180 185.1 
182 
y y 7 6 b ppm 
]H NMR series of the catalyst system without bipy. 
w/X» 
16 h 
»w*twwtw* 
8h 
Oh 
«iwwiym wni)|)iMy»<wii>rtn^ 
3IP NMR series of the catalyst system without bipy. 
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APPENDIX C. SUPPLEMENTAL DATA FOR CHAPTER 4. 
184 
L L L l  
92
 
11
 
2 2 
n H 1
3 13
 
^xk 
! in M n cri in sf 
, H r- m <.0 o c- IN t"~ 
(N CM C-l (N C~3 r-l H [-- UD ID 
H r l H d r l H i H f - f - I " -
J 
Current Data Parameters 
NAME EHbOlV 
EXPNO 1 
PROCNO 1 
I W 
200 180 160 140 120 100 80 6 0  40 20 0 ppm 
13 CNMR of MI-la in CDCL. 
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Current Data Parameters 
NAME eh4037.fid 
EXPNO 1 
PROCNO 1 
T T 
9 8 7 6 5 4 3 2 1 ppir 
'H NMR of MI-lb in CD2C12. 
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(N ro N M o o M I-- M IN C<I M IN LO r- O O M <-O r- o O , i << CO R- o co co r-
i -I  ^ffl U) fN ri U) "•'J1 M1 CI r*- 0"i 03 ^  H ^  M L/) Ifi lO CO CO H Cï f<) H U") VO m Ui H <3* 
CO CO CO OJ c") ^  CO C^ l CT> <"-•> (N (JD 00 CN r- O t~- Lf: C) CTï CO Ol CO r-- r") <—! CO Lf) CT> O CJi rn o UD 
-- - c- m ;N o> ch œ co r- ir> ri « H H o o ^ ai tri o) en in co i> r- <o o\ R-- v* • • • 
ro r-) m fN (N (">1 oi cn oj r~i CN es H H T-< r- r*- u5 i i —i .—i i J —i i i . i i J J ... J _.. 
r-- xi' < -t c*> m r ro ?  oi co r-  £ - CJ <—i  
CRI OHO M M N" "31 M RO M RO N ro m N FI r'i 
1 —I —J —I —J —I 1 1 . I . J ,1 1 1 1 I 1 1 
L _ L L L 1  . l_ J-tiJ 
Current Data Parameters 
NAME EH5019 
EXPNO 1 
PROCNO 1 
200  180 160 140 120 100 8 0  60 40 20 0 ppm 
1 3  CNMR of MI-lb in CDC6. 
187 
eh5026.fid 
H NMR of MI-le in CD2C1 
188 
Data Parameters 
ehL>029 .fid 
PHOCNV 
H NMR of MI-2c in CD2C1 
189 
co H H RO CM N  ^o II» IO o co N M O~V T-I UJ M r-- CN OI '.O <£> H M 
H r>i M oo fv oi >.0 xji m r- co m o\ ui c\ (\i ^  in [-- <,o m ro o *-i rn u"i o *=J' VV r--
CTi un rO OU n O \£)  (N <N 1X3 CN oi O '.O —i Q\ CO (N O CO ^  M H CO Ui 'J in H C'-l <7l o 
r- r- A-) oi OMÏ) CD co H R-I IN H H o o ffi A J^I Œ <rj a> «> r- R o CI r- • 
<TI (7) n> ro <o rn m m ci ro r~i co r<i co F> <J <N r-j r\) r J r-J C\ <"-) FT fN fN H H r- vo vo i-4 i—I r-i «—! t-H t—H r-| t-1 vH iH vH r-1 i—I 4 rH ^4 r-H i—I \—I i—I i—I s—I t—I t—I i—I 1—I r-I v~l t"" t"~ !'*• 
r ' 1 • 1 ' 1 n r - 1 1 1 • r 
220 200 180 160 140 120 100 80 60 
13C NMR of MI-2c in CDC13. 
190 
M CJ 1-1 o et ch o CNI 
OOTHOlLfimhO) 
VD rf "s* m C-) C-1 rl 0> 
r - r- r-- r- r- r- r- vc 
i a\ in oi n T 
• ff* rl lit (N in <H ^ 
i 00 CO O <-f> C] o cc 
\\\ 
eh5U13precip.fid 
y 
10 -1 ppm 
H NMR of triblock copolymer in CDCI3. 
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Current Data Parameters 
NAME EH5070 
EXPNO 1 
PROCNO 1 
2 0 0  180 160 140 120 100 80 6 0  40 20  0 ppm 
13 C NMR of triblock copolymer in CDCI3. 
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Cirrus GPC Sample Injection Report sample Injection Report 
Generated by: sheares Friday, November 08, 2002 1 54 PM 
Workbook: CACirrus WorkbooksVUItimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: eh5017 
Acquired: 11/8/02 1:41:48 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus Workbooks\U#imate GPC 2\enk-0021 .cgnri 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz 
1 2603 2527 4772 8841 
Mz+1 Mv PD 
14040 4323 1.88841 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 24.75 29.77 32.98 32.1657 7913.76 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 
Retention Time 
GPC trace for MI-la. 
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Cirrus GPC Sample Injection Report Sampte lnjeclion Report 
Generated by: sheares Friday, November 08, 2002 1:53 PM 
Workbook: C:\CirrusWorkbooks\Ultimate GPC 2\U1timate GPC 2.plw 
Sampte Details 
Sample Name: eh5016 
Acquired: 11/8/02 1:41:48 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\CimisWorkbooks\Ultimate GPC 2\erik-0020.cgrm 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 11120 4946 12949 26837 43069 11378 2.61808 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 22.43 27.07 32.97 36.6202 11163.5 
0 2 4 6 B 10 12 14 16 18 20 22 24 26 26 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 
Retention Time 
GPC trace for MI-2a. 
194 
Cirrus GPC Sample Injection Report sample injection Report 
Generated by: sheares Friday, November 08, 2002 1:51 PM 
Workbook: C:\Clrrus WorkbookstiJItimate GPC 2\Ultimate GPC 2.phw 
Sample Details 
Sample Name: eh5014 
Acquired: 11 /8/02 1:41:47 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus Workbooks\Ultimate GPC 2Verik-0019.cgmn 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 13257 4165 14246 29225 44309 12415 3.42041 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 22.55 26.72 33.57 26.8937 8477.62 
! I I 
18 20 22 24 
I I 1 I 
36 38 40 42 
I 1 1 1 1 I I I 
44 46 48 50 52 64 56 58 2 14 26 28 30 32 34 
Retention Time 
GPC trace for MI-3a. 
195 
Cirrus GPC Sample Injection Report Sample lnjection Report 
Generated by: sheares Friday, November 08, 20Û2 1:58 PM 
Workbook: C:\Cirrus WorkbooksMJItimate GPC 2\Uitimate GPC 2.pi* 
Sample Details 
Sample Name: eh5018 
Acquired: 11/8/02 1 41:48 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksMJItimate GPC 2\erik-0022.cgrm 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 25161 9541 27446 54715 83704 24155 2.87664 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1  21.28 25.67 31.35 23.9361 7077.38 
i i i i—i—i—i—i—m—i—i—i—i—i m—i—rn—i—i—i—i—i—i—i—i—i—r 
0 2 4 6 B 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 *4 46 48 50 52 64 56 58 60 
Retention Time 
GPC trace for MI-4a. 
196 
Cirrus GPC Sample Injection Report Samp!e ,njection Report 
Generated by: sheares Thursday, November 21, 2002 12:10 PM 
Workbook: C:\Cirrus Workbooks\Ultimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: eh5023 
Acquired; 11/21/02 12:05:41 PM By Analyst: sheares 
Batch Name; Erik 
Filename: C:\CirrusWorkbooks\Ultimate GPC 2\erik-0040.cgrm 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 23871 16139 29053 48442 69727 26673 1.80017 
2 1818 1818 1869 1921 1973 1861 1.02805 
Processed Peaks 
Peak No Start RT Max RT 
(mins) (mins) 
1 21.47 25.92 
2 29.58 30.37 
End RT Pk Height Area 
(mins) (mV) (mV.secs) 
29.42 10.3231 2540.17 
31.35 3.76663 186.497 
I I—I 1 I—!—I—I 
10 12 14 16 18 20 22 24 26 
n T 
30 32 34 36 38 40 42 
Retention Time 
i—i—i—i—i—i—r 
46 48 50 52 54 56 58 60 
GPC trace for MI-5a. 
197 
Cirrus GPC Sample Injection Report Sample |njection Report 
Generated by: sheares Wednesday, November 20, 2002 12:04 PM 
Workbook: C:\Cirrus WorkbooksMJItimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: eh5032 
Acquired: 11/20/02 12:01:11 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus Workbooks\Ultimate GPC 2terik-0035.cgrrn 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 38340 25778 46107 74394 104177 42520 1.78862 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 20.90 25.00 28.87 8.29409 1956.69 
-90-
110-
I I I I I I 
14 16 18 20 22 24 10 12 
~i—i—m—i—m—i—m—i—i—i—i—i—r 
28 30  32  34  36  36  40 42  44  46  48  50  5254565860 
Retention Time 
GPC trace for MI-6a. 
198 
ASTRA 4.73.04 snminaty Report for EH501701 
File 
Sample ID 
Operator 
C:\EH501701.ADF 
3D Plot - EHS01701 Peakl0-EH501701 
A 
COLLECTION INFORMATION 
Collection time 
Instrument type 
Cell type 
Laser wavelength 
Solvent name 
Solvent Rl 
Calibration constants 
DAWN 
» AUX I 
Flow rate 
Mon Sep 15, 2003 
DAWN E 
K5 
690.0 run 
thf 
1.401 
6.4080e-06 
2.3233e-04 
1.000 mL/min 
01:23 AM 
PROCESSING INFORMATION 
Processing time 
DAWN/AUX1 delay 
Fit method / model 
Calculation method 
Detectors used 
RESULTS 
Volume (mL) 
Slices 
A2 (mol mlVg2) 
Fil degree 
Injected Mass (g) 
Calc. Mass (g) 
dn/dc (mlVg) 
PolydispersityfMw/Mn) 
Polydispersîtv<Mz/Mii) 
Mon Sep 15, 2003 06:44 AM 
0.192 ml 
Zimm 
dn/dc + AUX Constant 
2 3 4 5 6 7 8 
PEAK #1 
25.292 - 32.242 
835 
0.000e+00 
1 
O.OOQOe+OO 
1.7602e-04 
0.210 
1,204+0.106 (9%) 
1.548±0.211 (14%) 
10 11 12 13 14 15 16 17 18 
Molar Mass Moments (g/mol) 
Mn 
Mw 
Mz 
3.252e+03 (6%) 
3.916e+03 (51) 
5.033e+03 (11%) 
R-M.S. Radius Moments (nm) 
Rn 
Rw 
Rz 
0.0 (Oi) 
9.5 (286%) 
17.9 (76%) 
MALLS data for MI-1 a. 
199 
ASTRA 4.73,04 summary Report for EH501601 
File 
Sample ID 
Operator 
C:NEH501S01.ADF 
3D Plot - EH501B01 Peak ID - EH501601 
COLLECTION INFORMATION 
Collection time 
Instrument type 
Cell type 
Laser wavelength 
Solvent name 
Solvent R1 
Calibration constants 
DAWN 
» AUX I 
Flow rate 
Mon Sep 15, 2003 12:30 AM 
DAWN E 
KS 
690.0 nm 
thf 
1.401 
6.4080e-06 
2.3233e-04 
1.000 mL/mAn 
PROCESSING INFORMATION 
Processing time 
DAWN/AUXI delay 
Fit method I model 
Calculation method 
Detectors used 
Tue Sep 23, 2003 04:49 PM 
0.192 roL 
Ziimri 
dn/dc + AUX Constant 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
RESULTS 
Volume (mL) 
Slices 
A2 (mol mL/g2) 
Fit degree 
Injected Mass (g) 
Calc. Mass (g) 
dn/dc (ml Vg) 
I'olydispersiiytMw/Mn) 
Polydispersity(Mz/Mn) 
Molar Mass Moments (g/mol) 
PEAK #1 
22.283 - 30.942 
1040 
0.000e+00 
1 
0.0000e+00 
1.6018e-04 
0 . 2 1 0  
1.65710.085 
3.144+0.287 
(5%) 
Mn 
Mw 
Mz 
5.148e+03 (4%) 
8.532e+03 (2.53) 
1.619e+04 (7%) 
R.M.S. Radius Moments (nm) 
Rn 
Rw 
Rz 
0 . 0  ( 0 % )  
0 . 0  1 0 4 )  
0 . 0  ( 0 % )  
MALLS data for MI-2a. 
200 
ASTRA 4.73.04 summary Report for EH501401 
File 
Sample ID 
Operator 
C:\EH501401.ADF 
3D Plot - EH501401 Peak ID - EH501401 
#• 
M 
VOHTFM (INL> 
COLLECTION INFORMATION 
Collection time 
Instrument type 
Cell type 
Laser wavelength 
Solvent name 
Solvent R1 
Calibration constants 
DAWN 
» AUX1 
Flow rate 
Sun Sep 14, 2003 11:20 PM 
DAWN E 
KB 
690.0 nm 
t h f  
1.401 
f>.4080e-06 
2.3233e-04 
1.000 niL/min 
PROCESSING INFORMATION 
Processing time 
DAWN/AUX1 delay 
Fit method / model 
Calculation method 
Detectors used 
RESULTS 
Volume (mL) 
Slices 
A2 (mol mL/g5) 
Fit degree 
Injected Mass (g) 
Calc. Mass (g) 
dn/dc (mL/g) 
Polydispersity(Mw'Mn) 
Poiydispcmi ly(Mz/'M n ) 
Mon Sep 15, 2003 06:4: 
0.192 ml 
Simm 
dn/dc + AUX Constant 
2 3 4 5 6  7  8 9  
PEAK #1 
22.425 - 30.192 
933 
C.000e+00 
1 
0.0000e+00 
1.3720e-04 
0 . 2 1 0  
1.374+0.061 (5%) 
1.937+0.144 (71) 
10 II 12 13 14 15 16 17 18 
Molar Mass Moments (g#mol) 
Mn 
Mw 
Mz 
7.599e+03 (4%) 
l.C44e+04 (2.7%) 
1.472e+04 (66) 
R.M.S. Radius Moments (nm) 
Rn 
Rw 
Rz 
26.5 (24%) 
22-0 (27%) 
17.7 (34%) 
MALLS data for M!-3a. 
201 
ASTRA 4.73 04 summary Report for EH501801 
File : C:\EH501801.ADF 
Sample ID 
Operator 
3D Ptat - EH501801 Peak ID - EH501801 
03 
02 -
! 
COLLECTION INFORMATION 
Collection time 
Instrument type 
Cell type 
Laser wavelength 
Solvent name 
Solvent Ri 
Calibration constants 
DAWN 
» AUX I 
Flow rate 
Mon Sep 15, 2003 02:16 AM 
DAWN E 
K5 
690.0 nm 
thf 
1.401 
6.4080e-06 
2,3233e-04 
I.000 mL/min 
PROCESSING INFORMATION 
Processing time 
DAWN/AUX1 delay 
Fit method / model 
Calculation method 
Detectors used 
RESULTS 
Volume (mL) 
Slices 
A2 (mol mL/g2) 
Fit degree 
Injected Mass (g) 
Calc. Mass (g) 
dn/dc (mL/g) 
Polydispersity(Mw/Mn) 
Polydispersity(Mz/Mn) 
Mon Sep 15, 2003 07:20 AM 
0.192 mL 
dn/dc + AUX Constant 
2 3 4 5 6 7 9 9 10 11 12 13 14 15 16 17 18 
PEAK #1 
21.675 - 29.233 
914 
0.000e+00 
1 
O.OOOOe+OC 
1.0486e-04 
0 . 2 1 0  
1.492±0.053 (3.6%) 
2.202+0.111 (5%) 
Molar Mass Moments (g/mol) 
Mn 
Mw 
Mil 
1,052e+04 (3%f 
1.57 0e+04 (1.6%) 
2.316e+04 (3%) 
R.M.S. Radius Moments (nm) 
Rn 
Rw 
Rz 
0 . 0  ( 0 % )  
0 . 0  ( C % )  
0 . 0  (0%) 
MALLS data for MI-4a. 
202 
ASTRA 4.73.04 summery Report for EH502301 
File 
Sample ID 
Operator 
C:\EH502301.ADF 
30Plot-EH502301 
COLLECTION INFORMATICS 
Peak ID - EH502301 
10 
Collection time 
Instrument type 
Cell type 
Laser wavelength 
Solvent name 
Solvent R1 
Calibration constants 
DAWN 
>> AUX1 
Flow rate 
Mon Sep 15, 2003 03:08 AM 
DASH E 
K5 
690-0 nm 
thf 
1.401 
6.4080e-06 
2.3233e-04 
1.000 mL/min 
PROCESSING INFORMATION 
Processing time 
DAWN/AUX1 delay 
Fit method / model 
Calculation method 
Detectors used 
«on Sep 15, 2003 07:19 AM 
0.192 mL 
Zimm 
dn/dc + AUX Constant 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
RESULTS 
Volume (ml.) 
Slices 
A2 (mol mL/g2) 
Fit degree 
Injected Mass (g) 
Cale. Mass (g) 
dn/dc (mL/g) 
Polydispeisity(MwZMn) 
Polydispersity(Mz/Mn) 
PEAK #1 
20.483 - 29.225 
1050 
0.000e+00 
1 
0.0000e+00 
1.6964e-04 
0 . 2 1 0  
1.51410.046 (3.1%l 
2.40610.132 
Molar Mass Moments (g/mol) 
Mn : 1.103e+04 (2.6%) 
Mw : 1.670e+04 (1-5%) 
Mz : 2.653e+04 (4%) 
R M S Radius Moments (nm) 
Rn 
Rw 
Rz 
0 .0 (0%) 
0 . 0  ( 0 % )  
0 . 0  ( 0 % )  
MALLS data for MI-5a. 
203 
ASTRA 4.73.04 summary Report tor lit150320Ï 
File 
Sample ID 
Operator 
C:\EHS03201.ADF 
3D Hot - EH503201 Peak ID - EH503201 
COLLECTION INFORMATION 
Collection time 
Instrument type 
Cell type 
Laser wavelength 
Solvent name 
Solvent R1 
Calibration constants 
DAWN 
» AUX I 
Flow rate 
Mon Sep 15, 2003 04:01 AM 
DAWN E 
K5 
690.0 nm 
thf 
1.401 
6.4080e-06 
2.3233e-04 
1.000 mL/nun 
PROCESSING INFORMATION 
Processing time 
DAWN/AUX! delay 
Fit method / model 
Calculation method 
Detectors used 
Hon Sep 15, 2003 06:40 AM 
0.192 ml 
dn/dc + AUX Constant 
2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 
RESULTS 
Volume (mL) 
Slices 
A2 (mol mL/g2) 
Fit degree 
Injected Mass (g) 
Calc. Mass (g) 
dn/dc (mL/g) 
PolydispersitXMw/Mn) 
Polydispersit\{Mz/Mn) 
PEAK #1 
1 9 . 4 9 2  -  2 8 . 7 5 6  
1113 
0.000e+Q0 
1 
0-0000e+00 
1.98B8e-D4 
0.185 
1.460tO.035 (2.5%) 
2.45C±0.175 (7-i) 
Molar Mass Moments (g/mol) 
Mn 
Mw 
Mz 
1.954e+04 (2.0%) 
2.852e+04 (1.4%) 
4.785e+04 (6%) 
R.M.S. Radius Moments (nm) 
Rn 
Rw 
Rz 
14.5 (38%) 
13.5 (31%) 
14.6 (18%) 
MALLS data for MI-6a. 
204 
Cirrus GPC Sample Injection Report Sampte |njection Report 
Generated by: sheares Friday, November 08, 2002 1:59 PM 
Workbook. C:\Citrus Workbooks\Ultimate GPC 2\Ultimate GPC 2,ptw 
Sample Details 
Sample Name: eh5019 
Acquired: 11/8/02 1:41 48 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cimis Workbooks\Ultimate GPC 2\erik-0023.cgim 
Calibration Used: 10/8/02 5:33:36 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 3084 2995 4450 6539 9012 4191 1.48581 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 25.65 29.47 32.70 50.1295 9060.63 
w1é5 
=1e3 
1—i—r~i—i " I -i i—r i !' i 
14 16 18 20 22 24 26 2B 30 32 34 36 
Retention Time 
t i i i i i i i r 
40 42 44 46 46 50 52 54 56 56 60 
GPC trace for MI-lb. 
205 
Cirrus GPC Sample Injection Report Sample |njection Report 
Generated by: sheares Friday, November 08, 2002 2:00 PM 
Workbook: C:\CirrusWorkbooks\UltimateGPC 2\Ultimate GPC 2-plw 
Sample Details 
Sample Name: eh5020 
Acquired: 11/8/02 1:41:49 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksVJItimate GPC 2\erik-0024.cgrm 
Calibration Used: 1W8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 8316 5044 9597 16003 22552 8785 1.90266 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 23.98 27.58 32.33 33.3404 8418.67 
100 
Lint 
90-
85-
75- <166 
70-
;1e4 
45-
40-
1e3 35-
30-
26-
=le2 
1e1 
0 2 4 6 10 14 16 18 20 22 24 26 28 30 32 
GPC trace for MI-2b. 
206 
Cirrus GPC Sample Injection Report Sample lnjection Report 
Generated by: sheares Thursday, November 21, 2002 12:11 RM 
Workbook. C:\Cirrus WorkbooksUJItimate GPC 2\UltimateGPC 2.plw 
Sample Details 
Sample Name: eh5034 
Acquired: 11/21/02 12:05:41 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksUJItimate GPC 2\erik-0041 cgrrn 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 13492 6524 15343 28565 43486 13753 2.35178 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV sees) 
1 22.47 26.72 32.95 44.7192 12371.3 
;1e8 100-
Ugh 
Lirrit 
1*7 
55-
I :1e4 
35-
ie3 
25-
20-
15-
•le2 
1e1 
0 2 4 6 8 10 12 14 16 16 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 
Retenbon Time 
GPC trace for MI-3b. 
207 
Cirrus GPC Sample Injection Report sampie injection Report 
Generated by: sheares Saturday, September 20, 2003 3:57 PM 
Workbook: C:\Cirrus WorkbooksUJItimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: ehSOgO tf 
Acquired: 1/15/03 12:41 54 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksUJItimate GPC 2\erik-0060.cgrm 
Calibration Used: 2/7/03 9:44:24 AM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 20553 8648 22699 41986 60148 20233 2.62477 
Processed Peaks 
Peak No Start RT Max RT 
(mins) (mins) 
1 22.03 25.47 
End RT Pk Height Area 
(mins) (mV) (mV.secs) 
30.83 15 4136 4323.37 
160-
130-
:1e7 
110-
80-
:1e6 
70-
50-
r1e5 51 30-
i 
o 10-
â -io— 
i 
-30-
-50-
-70— 
•90-
-130 1e1 
12 14 16 18 20 22 24 26 28 30 32 0 2 4 6 40 42 44 46 48 54 56 58 
Retention Time 
GPC trace for MI-4b. 
208 
Cirrus GPC Sample Injection Report Sampte Nection Report 
Generated by: sheares Saturday, September 20, 2003 3 55 FM 
Workbook: C:\Cirros WorkbooksUJItimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: ehSOM 60 
Acquired: 11/21/02 12:05:42 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksUJItimate GPC 2\erik-0047.cgrm 
Calibration Used: 2f7/03 9:44:24 AM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 22461 14273 24578 37720 50091 22815 1.72199 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 22.53 25.47 29.28 7 44478 1688 64 
-50-
-60-
-70— 
-80-
"®° i i—i—i—i—i—i—r i i i—i—i i i i—r 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 5S 60 
Retention Time 
GPC trace for MI-5b. 
209 
Cirrus GPC Sample Injection Report Sampte ,njectjon Report 
Generated by: sheares Saturday, September 20, 2003 3:38 PM 
Woikbook: C:\Cimis WorkbooksUJItimate GPC 2 \U Him ate GPC 2.plw 
Sample Details 
Sample Name: eh5032b 
Acquired: 9/20/03 3:36:01 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\CirrusWorkbooks\Ultimate GPC 2terik-0151.cgrm 
Calibration Used: 9/12/031:08:48 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 38246 23145 44853 74965 103002 40941 1.93791 
Processed Peaks 
Peak No Start RT Max RT 
(mins) (mins) 
1 21,60 24.82 
End RT Pk Height Area 
(mins) (mV) (mV. sees) 
28.55 34.0124 8545.35 
Low 
Lrrti 900— 
800-
=iee 
600-
500-s 
£ 
| 
300-
I 
200-
;1c2 
-TOO-
-200 1e1 
0 2 A 6 8 ÏC t2 t4 16 Î0 20 22 24 26 20 30 32 34 36 33 40 42 44 46 48 » 52 54 56 58 
Retention Time 
GPC trace for MI-6b. 
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Cirrus GPC Sample Injection Report Sampte |njection Report 
Generated by: sheares Friday, November 08, 2002 2:02 PM 
Workbook: C:\CifrusWorkbooks\Ultimate GPC 2\Ultimate GPC 2.pKw 
Sample Details 
Sample Name: eh5026 
Acquired: 11/8/02 1:41:49 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksUJItimate GPC 2\erik-0026.cgmn 
Calibration Used: 10/8TO2 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 3432 3570 6017 7137 9725 4755 1 40532 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 25,45 29.25 32.00 63.8939 10744.8 
;1e8 
Lirrit 130-
1e7 
110-
:1«6 
100-
90-
$ 80-
:1e5 
70-I $ oc 
50-
30-
1«1 
0 2 4 G 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 
Retention Time 
GPC trace for MI-lc. 
2 1 1  
Cirrus GPC Sample Injection Report Samp,e |njection Report 
Generated by: sheares Wednesday, November 20, 2002 12:03 PM 
Workbook: C:\Cirrus Workbooks\Ultimate GPC 2UJHimate GPC 2.plw 
Sample Details 
Sample Name: eh5029 
Acquired: 11/20/02 12:01:11 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\CirrusWorkbooks\UltimateGPC 2terik-0034.cgrm 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Win Mw Mz Mz+1 Mv PD 
1 0 0 0 0 0 0 0 
2 7750 5794 9691 15301 21312 8984 1.67259 
Processed Peaks 
Peak No Start RT 
(mins) 
1 0.08 
2 23.90 
MaxRT End RT 
(mins) (mins) 
0.18 0.32 
27.82 31.22 
Pk Height Area 
(mV) (mV.secs) 
0.71834 4.62463 
27.714 6454.04 
GPC trace for MI-2c. 
212 
Cirrus GPC Sample injection Report Sample ,nJection Reporl 
Generated by: sheares Saturday, September 20, 2003 3:56 PM 
Workbook: CACimis WorkbooksUJItimate GPC 2\Ultimate GPC 2.phw 
Sample Details 
Sample Name: eh50S6 SS 
Acquired: 1/15/03 12:41:54 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksMJttimate GPC 2Verik-0057.cgrm 
Calibration Used: 2/7/03 9:44:24 AM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 11740 6386 13987 25777 39322 12582 2.19026 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 22.30 26.52 31.43 49.4234 13237.6 
120 
110-
100-
60-
70-
r1e5 
20-
10-
0- .1a2 
-10-
-20- 1e1 
0 2 4 6 12 14 16 18 20 22 30 32 44 46 46 
Retention Time 
GPC trace for MI-3c. 
213 
Cirrus GPC Sample Injection Report Sample ,njection Report 
Generated by: sheares Saturday, September 20, 2003 3:56 PM 
Workbook: C:\Cinrus Workbooks\UI6nate GPC 2\Uitimate GPC 2.plw 
Sample Details 
Sample Name: ehSOStf.S^ 
Acquired: 1/15/03 12:41:53 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cimjs WorkbooksUJItimate GPC 2\erik-0056.cgrm 
Calibration Used: 2/7/03 9:44:24 AM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 22863 8637 25404 50938 79994 22378 2.9413 
Processed Peaks 
Peak No Start RT 
(mins) 
1 20.85 
Max RT End RT 
(mins) (mins) 
25.27 31.85 
Pk Height Area 
(mV) (mV.secs) 
37.7109 10839.4 
105 
Low 
Urn! 
85 
75-
65-
55-
35-
;1e4 
15-
5- :163 
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2 4 6 6 ID 14 16 18 20 28 50 
Retention Time 
GPC trace for MI-4c. 
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Cirrus GPC Sample Injection Report gampjg injection Report 
Generated by: sheares Saturday, September 20, 2003 3:38 PM 
Workbook: C:\Cirrus WorkbooksUJItimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: eh5060b 
Acquired: 9/20/03 3:35:01 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirms WorkbooksUJItimate GPC 2\erik-0150.cgrm 
Calibration Used: 9/12/031:08:48 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 21851 14945 25966 41277 56240 23976 1.73744 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV sees) 
1 22.63 25.80 28.97 28.4466 6619.58 
1000-
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Urrâ 
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•400-5 
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-100-
-200 
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Retention Time 
GPC trace for MI-5c. 
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Cirrus GPC Sample Injection Report Sample lnjection Report 
Generated by: sheares Saturday, September 20,2003 3:39 PM 
Workbook: C:VCiirus WorkbooksMJitimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: eh6048a 
Acquired: 9/20/03 3:35:01 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cimis WorkbooksUJItimate GPC 2\enk-0152.cgmo 
Calibration Used: 9/12/03 1:08:48 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 36557 23470 46210 80438 115513 41973 1.9689 
Processed Peaks 
Peak No Start RT 
(mins) 
1 21.18 
Max RT End RT 
(mins) (mins) 
24.72 28.45 
Pk Height Area 
(mV) (mV.secs) 
48.073 12112.1 
I I I I I I I I I I I I I I I I I I 
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 
Retention Time 
i i i i i i 
48 50 52 54 56 58 60 
GPC trace for MI-6c. 
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Cirrus GPC Sample Injection Report ggmpie injection Report 
Generated by: sheares Tuesday, November 12, 2002 2.01 PM 
Workbook: C:\Cirms WorkbooksUJItimate GPC 2\Uttimate GPC 2.phv 
Sample Details 
Sample Name: eh5030 
Acquired: 11/12/02 1:48:30 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\CirrusWortcbooks\Ultimate GPC 2\erik-€032.cgrm 
Calibration Used: 10/8/025:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 16953 14535 18338 22884 28039 17723 1.26164 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 23,60 26.25 29.25 44.5329 5672 7 
mm 
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Retention Time 
GPC trace for triblock copolymer from MI-l c. 
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Cirrus GPC Sample Injection Report sample injection Report 
Generated by: sheares Tuesday, November 12, 2002 2:00 PM 
Workbook: C:\Cirrus Woikbooks\Ultimate GPC 2\Ultimate GPC 2,phv 
Sample Details 
Sample Name: eh5027 
Acquired: 11 /12/02 1 48:29 PM By Analyst: sheares 
Batch Name: Erik 
Filename: CACirrus WorkbooksVUItimate GPC 2\et*-0Q3Q.cgim 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 62719 39159 57172 77543 98012 54330 1.46 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 21.15 23.75 27.67 26.1839 4155.21 
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GPC trace for triblock copolymer from MI-lc. 
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Cirrus GPC Sample Injection Report Sample injection Report 
Generated by: sheares Thursday, September 11, 2003 9:48 AM 
Workbook: C:\Cirrus WorkbooksUJItimate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: eh5097 
Acquired: 9/11/03 9:46:18 AM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\Cirrus WorkbooksUJItimate GPC 2terik-0139.cgrm 
Calibration Used: 3/18/03 5:41:15 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 23149 19611 26453 34926 43261 25270 1.34889 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 23.17 25.45 27.83 35.6296 5751.78 
D 2 4 S 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 3S 40 42 44 46 48 50 52 54 56 58 60 
Retention Time 
GPC trace for triblock copolymer from MI-2c. 
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Cirrus GPC Sample Injection Report Sampte lnjection Report 
Generated by: sheares Thursday, September 11, 2003 9:55 AM 
Workbook: C:\Cirrns WorkbooksUJItimate GPC 2\Ultimate GPC 2.phv 
Sample Details 
Sample Name: eh6002 
Acquired: 9/11/03 9:46:19 AM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\CimjsWoikbooks\Ultimate GPC 2Verik-0143.cgim 
Calibration Used: 3/18/03 5:41:15 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 42651 29597 36457 48491 57141 36942 1.29935 
Processed Peaks 
Peak No Start RT MaxRT EndRT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 22.87 24.32 26.90 13.4851 2163.72 
0 2 4 6 B 10 12 H 15 18 20 22 24 26 38 30 3Î 34 36 3» 40 <2 44 « <S 50 K M 56 S8 M 
Retention Time 
GPC trace for triblock copolymer from MI-2c. 
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Cirrus GPC Sample Injection Report Sampte |njec)ion Report 
Generated by. sheares Wednesday, January 15, 2003 12:48 PM 
Workbook: C:\Cirrus WorkbooksUJItimate GPC 2\(Jftima(e GPC 2.p(w 
Sample Details 
Sample Name: eh5065 
Acquired: 1/15/03 12:41:55 PM By Analyst, sheares 
Batch Name; Erik 
Filename: C:\Cirrus WorkbooksUJItimate GPC 2\erik-0062.cgrm 
Calibration Used: 10/8/02 5:33:35 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 18671 10676 21489 37208 54782 19564 2.01283 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV.secs) 
1 22.30 26 05 31.03 30.4615 7613.26 
Hgh 
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:1e7 
60-
0-
-60 1ei 
0 2 4 6 8 16 32 12 22 24 28 38 54 46 50 60 
GPC trace for triblock copolymer from M4-lc. 
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Cirrus GPC Sample Injection Report Sampte ,njection Report 
Generated by: sheares Wednesday, September 10,2003 4:42 PM 
Workbook. C:\Cirrus WoitoooksVUIhnate GPC 2\U8imate GPC 2.pKv 
Sample Details 
Sample Name: eh5070 
Acquired: 9/10/03 4:40:07 PM By Analyst: sheares 
Batch Name: Erik 
Filename: C:\CimjsWoikbooks\UI6mate GPC 2\erik-0135.cgim 
Calibration Used: 2/7/03 9:44:24 AM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 44125 24199 41513 62205 84099 38748 1.71548 
Proceseed Peaks 
Peak No Start RT Max RT 
(mins) (mins) 
1 21.07 24.03 
End RT Pk Height Area 
(mins) (mV) (mV.secs) 
28.97 34.0451 6600.23 
0 2 4 6 6 10 12 14 16 18 20 22 34 26 28 30 32 34 36 38 40 42 44 4648505254565860 
Retortion Time 
GPC trace for triblock copolymer from MI-4c. 
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Cirrus GPC Sample Injection Report Sampie lnjection Report 
Generated by; sheares Wednesday, September 17, 2003 8:16 PM 
Workbook: C:\Cirrus WorkbooksUJltmate GPC 2\Ultimate GPC 2.plw 
Sample Details 
Sample Name: eh6046 
Acquired: 9/17/03 8:12:42 PM By Analyst: sheares 
Batch Name: Erik 
Filename' C:\CimisWorkbooks\U1timateGPC 2Verik-0146.cgrm 
Calibration Used: 9/12/03 1 =08:48 PM 
MW Averages 
Peak No Mp Mn Mw Mz Mz+1 Mv PD 
1 483B0 33282 58268 91806 120664 53724 1.75074 
Processed Peaks 
Peak No Start RT Max RT End RT Pk Height Area 
(mins) (mins) (mins) (mV) (mV sees) 
1 21.48 24.25 27.30 29.2221 7344.43 
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Rétention Time 
GPC trace for triblock copolymer from MI-6c. 
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